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PREFACE  TO  FIRST  EDITION. 


«  The  preparation  of  this  book  was  begun  several  years  ago, 
when  much  of  the  subject-matter  treated  was  not  to  be  found  in 
print,  or  was  scattered  through  many  books  and  pamphlets,  and 
was  hence  unavailable  for  student  use.  Portions  of  the  book 
have  already  been  printed  by  the  mimeograph  process  or  have 
been  used  as  lecture-notes,  and  hence  have  been  subjected  to 
the  refining  process  of  class-room  use. 

The  author  would  call  special  attention  to  the  following 
features : 

a.  Transition  curves;  the  multiform-compound-curve  method 
is  used,  which  has  been  followed  by  many  railroads  in  this 
country;  the  particular  curves  here  developed  have  the  great 
advantage  of  being  exceedingly  simple,  and  although  the  method 
is  not  theoretically  exact,  it  is  demonstrable  that  the  differences 
are  so  small  that  they  may  safely  be  neglected. 

h.  A  system  of  earthwork  computations  by  means  of  a  slide- 
rule  (which  accompanies  the  volume)  which  enables  one  to 
compute  readily  the  volume  of  the  most  complicated  earthwork 
forms  with  an  accuracy  only  limited  by  the  precision  of  the 
cross-sectioning. 

c.  The  "mass  curve"  in  earthwork;  the  theory  and  use  of 
this  very  valuable  process. 

d.  Tables  I,  II,  III,  and  IV  have  been  computed  ah  novo. 
Tables  I  and  II  were  checked  (after  computation)  with  other 
tables,  which  are  generally  considered  as  standard,  and  all 
discrepancies  were  further  examined.     They  are  believed  to  be 

.  perfect. 

e.  Tables  V,  VI,  VII,  and  IX  have  been  borrowed,  by  per- 
mission, from  "Ludlow's  Mathematical  Tablet."  It  is  believed 
that  five-place  tables  give  as  accurate  results  as  actual  ^^V^ 

\\\ 
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practice  requires.     Tables  VIII  and  X  have  been  compiled  to 
conform  with  Ludlow's  system. 

The  author  wishes  to  acknowledge  his  indebtedness  to  Mr. 
Chas.  A.  Sims,  civil  engineer  and  railroad  contractor,  for  reading 
and  revising  the  portions  relating  to  the  cost  of  earthwork. 

Since  the  book  is  written  primarily  for  students  of  railroad 
engineering  in  technical  institutions,  the  author  has  assumed 
the  usual  previous  preparation  in  algebra,  geometry,  and  trigo- 
nometry. 

Walter  Loring  Webb. 
University  of  Pennsylvania, 
Philadelphia, 
Jan.  1,1900. 


PREFACE  TO  SEC6TSrD  EDITION. 


Since  the  issue  of  the  first  edition  the  author  has  conferred 
with  many  noted  educators  in  civil  engineering,  among  them  the 
late  Professors  E.  A.  Fuertes  and  J.  B.  Johnson,  regarding  the 
most  desirable  size  of  page  for  this  book.  The  inconvenience  of 
the  octavo  edition  for  field-work  was  found  to  be  limiting  its  use. 
It  was  therefore  decided  to  recast  the  whole  work  and  reduce 
the  page  from  "octavo"  to  ''pocket-book"  size.  Advantage 
was  then  taken  of  the  opportunity  to  revise  freely  and  to  add 
new  matter.  The  original  text  has  now  been  almost  doubled  by 
the  addition  of  several  chapters  on  structures,  train  resistance, 
rolling  stock,  etc.,  and  also  several  chapters  giving  the  funda- 
mental principles  of  the  economics  of  railroad  location.  Those 
who  are  familiar  with  the  late  Mr.  Wellington's  masterpiece, 
"The  Economic  Theory  of  Railway  Location,"  will  readily  ap- 
preciate the  author's  indebtedness  to  that  work.  But  while  the 
same  general  method  has  been  followed,  the  author  has  taken 
advantage  of  the  classification  of  operating  expenses  adopted 
by  the  Interstate  Commerce  Commission,  has  used  the  figures 
published  by  them  (which  were  unavailable  when  Mr.  Welling- 
ton wrote),  and  has  developed  the  theory  on  an  independent 
basis,  with  the  exception  of  a  few  minor  details.  Those  who 
deny  the  utility  of  such  methods  of  computation  are  referred  to 
5§  367,  426,  and  elsewhere  for  a  practical  discussion  of  that 
subject. 

The  author's  primary  aim  has  been  to  produce  a  "text-book 
for  students,"  and  the  subject-matter  has  therefore  been  cut 
down  to  that  which  may  properly  be  required  ol  ^XajA'c^cvNo^  vsx 
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the  time  usually  allotted  to  railroad  work  in  a  civil-engineering 
curriculum.  On  this  account  no  extended  discussion  has  been 
given  to  the  multitudinous  forms  of  various  railroad  devices 
in  the  chapters  on  structures.  The  aim  has  been  to  teach  the 
principles  and  to  guide  the  students  into  proper  methods  of 
investigation. 

January,  1903.  ^.,      .         . 
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CHAPTER  I. 

RAILROAD  SURVEYS. 

The  proper  conduct  of  railroad  surveys  presupposes  an 
adequate  knowledge  of  almost  the  whole  subject  of  railioad 
engineermg,  and  particularly  of  some  of  the  complicated  ques- 
tions of  Railroad  Economics,  which  are  not  generally  studied 
except  at  the  latter  part  of  a  course  in  railroad  engineering,  if 
at  all.  This  chapter  will  therefore  be  chiefly  devoted  to  methods 
of  instrumental  work,  and  the  problem  of  choosing  a  general 
route  will  be  considered  only  as  it  is  influenced  by  the  topog- 
raphy or  by  the  application  of  those  elementary  principles  of 
Railroad  Economics  which  are  self-evident  or  which  may  bo 
accepted  by  the  student  until  he  has  had  an  opportunity  of 
studying  those  principles  in  detail 

RECONNOISSANCE   SUBVEYS. 

1.  Character  of  a  reconnoissance  survey.  A  reconnoissance 
survey  is  a  verj'  hasty  examination  of  a  belt  of  country"  to  de- 
termine which  of  all  possible  or  suggested  routes  is  the  most 
promising  and  best  worthy  of  a  more  detailed  survey.  It  is 
essentially  very  rough  and  rapid.  It  aims  to  discover  those 
salient  features  which  instantly  stamp  one  route  as  distinctly 
superior  to  another  and  so  narrow  the  choice  to  routes  which 
are  so  nearly  equal  in  value  that  a  more  detailed  survey  is  nec- 
essary to  decide  between  them. 

2.  Selection   of  a  general  route.    T\v(i  ^'etiet?i\.  o^^'(^*Cv3ts.  civ 
running  a  raiboad  between  two  towns  \s  vlsvxbJXy  ^.^oiwv^^^'s^J^^t 
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than  an  engineering  question.  Financial  considerations  usually 
determine  that  a  road  must  pass  through  certain  more  or  loss 
important  towns  between  its  termini.  When  a  railroad  runs 
through  a  thickly  settled  and  very  flat  country,  where,  from  a 
topographical  standpoint,  the  road  may  be  run  by  any  desired 
route,  the  "right-of-way  agent"  sometimes  has  a  greater  influ- 
ence in  locating  the  road  than  the  engineer,.  But  >6uch  modifi- 
cations of  alignment,  on  account  of  business  considerations,  are 
foreign  to  the  engineer's  side  of  the  subject,  and  it  will  be  here- 
after assumed  that  topography  alone  determines  the  location  of 
the  line.  The  consideration  of  those  larger  questions  combin- 
ing finance  and  engineering  (such  as  passing  by  a  town  on  ac- 
count of  the  necessar>'  introduction  of  heavy  grades  in  order  to 
reach  it)  will  be  taken  up  in  Chap.  XIX,  et  seq. 

3.  Valley  route.  This  is  perhaps  the  simplest  problem.  If 
the  two  towns  to  be  connected  lie  in  the  same  valley,  it  is  fre- 
quently only  necessary  to  nm  a  line  which  shall  have  a  nearly 
uniform  grade.  The  reconnoissance  problem  consists  largely  in 
determining  the  difference  of  elevation  of  the  two  termini  of 
this  division  and  the  approximate  horizontal  distance  so  that  the 
proper  grade  may  be  chosen.  If  there  is  a  large  river  running 
through  the  valley,  the  road  will  probably  remain  on  one  side 
or  the  other  throughout  the  whole  distance,  and  both  banks 
should  be  examined  by  the  reconnoissance  party  to  determine 
which  is  preferable.  If  the  river  may  be  easily  bridged,  both 
banks  may  be  alternately  used,  especially  when  better  alignment 
is  thereby  secured.  A  river  valley  has  usually  a  steeper  slope 
in  the  upper  part  than  in  the  lower  part.  A  uniform  grade 
throughout  the  valley  will  therefore  require  that  the  road  climbs 
up  the  side  slopes  in  the  lower  part  of  the  valley.  In  case  the 
** ruling  grade"  *  for  the  whole  road  is  as  great  as  or  greater 
than  the  steepest  natural  valley  slope,  more  freedom  may  be 
used  in  adopting  that  alignment  which  has  the  least  cost — 
regardless  of  grade.  The  natural  slope  of  large  rivers  is  almost 
invariably  so  low  that  grade  has  no  influence  in  determining  the 
choice  'of  location.  When  bridging  is  necessary,  the  river 
banks  should  be  examined  for  suitable  locations  for  abutments 


*  The  ruling  grade  may  here  be  loosely  defined  as  the  maximum  grade 
vfrhich  js permissible.   This  definition  is  not  strictly  true,  as  may  bo  seen  later 
f^'Aea  studying  Bfmroo/cl  JSconQxojcs,  but  it  may  l^ere  ^t\q  tba  puir^osQ, 
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and  piers.  If  the  soil  is  soft  and  treacherous,  much  difficulty 
may  be  experienced  and  the  choice  of  route  may  be  largely 
determined  by  the  difficulty  of  bridging  the  river  except  at 
certain  favorable  places. 

4.  Cross-country  route.  A  cross-country  route  always  has  one 
or  more  summits  to  be  crossed.  The  problem  becomes  more 
complex  on  account  of  the  greater  number  of  possible  solutions 
and  the  difficulty  of  properly  weighing  the  advantages  and  dis- 
advantages of  each.  The  general  aim  should  be  to  choose  the 
lowest  summits  and  thehighegt-^treatn  cfos^ing^g,  provided  that 
by  so  doing  the  grades  between  thesieLxietermining;  points^,  shall 
oe  as  low  as  possibj^e  ajid_sJhaU  ^  n^^  be  greater  than  the  ruling 
grade  of  the  road.  Nearly  all  railroads  combine  cross-country 
and  valley  routes  to  some  extent.  Usually  the  steepest  natural 
slopes  are  to  be  found  on  the  cross-country  routes,  and  also  the 
greatest  difficulty  in  securing  a  low  through  grade.  An  approx- 
imate determination  of  the  ruling  grade  is  usually  made  during 
the  reconnoissance.  If  the  a-uli^g^^pade  has  been  previously 
decided  on  by  other  considerations,  the  leading  feature  of  the 
reconnoissance  survey  will  be  the  determination  of  a  general 
route  along  which  it  will  be  possible  to  survey  a  line  whose 
maximum  grade  shall  not  exceed  the  ruling  grade. 

5.  Mountain  route.  The  streams  of  a  mountainous  region 
frequently  have  a  slope  exceeding  the  desired  ruling  grade.  In 
such  cases  there  is  no  possibility  of  securing  the  desired  grade 
by  following  the  streams.  The  penetration  of  such  a  region 
may  only  be  accomplished  by  "development" — accompanied 
perhaps  by  timneling.  "Development"  consists  in  deliber- 
ately increasing  the  length  of  the  road  between  two  extremes 
of  elevation  so  that  the  rate  of  grade  shall  be  as  low.  as  desired. 
The  usual  method  of  accomplishing  this  is  to  take  advantage  of 
some  convenient  formation  of  the  ground  to  introduce  some 
lateral  deviation.  The  methods  may  be  somewhat  classified  as 
follows: 

(a)  Running  the  line  up  a  convenient  lateral  valley,  turning 
a  sharp  curve  and  working  back  up  the  opposite  sl<Jpe.  As 
shown  in  Fig.  1,  the  considerable  rise  between  A  and  B  was 
surmounted  by  starting  off  in  a  very  different  direction  from 
the  general  direction  of  the  road;  then,  when  about  one-half  of 
the  desired  rise  had  been  obtained,  the  liive  cto^"3>^^  ^}w^^  n^s5\^^ 
and  continued  the  climb  along  the  opposite  ^o^.    VN^  ^\jyvk)^/- 
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hack.  On  the  steep  side-hill  BCD  (Fig,  1)  a  very  considerable 
gain  in  elevation  was  accomplished  by  the  switchback  CD, 
The  gain  in  elevation  from  5  to  D  is  very  great.  On  the  other 
hand,  the  speed  must  always  be  slow;  there  are  two  complete 
stoppages  of  the  train  for  each  run;  all  trains  must  run  back- 
ward from  C  to  D,  (c)  Bridge  spiral.  When  a  valley  is  so 
narrow  at  some  point  that  a  bridge  or  viaduct  of  reasonable 
length  can  span  the  valley  at  a  considerable  elevation  above  the 


Fig.  1.  - 

bottom  of  the  valley,  a  bridge  spiral  may  be  desirable.  In  Fig.  2 
the  line  ascends  the  stream  valley  past  A ,  crosses  the  stream  at 
Bj  works  back  to  the  narrow  place  at  C,  and  there  crosses  itself, 
having  gained  perhaps  100  feet  in  elevation,  (d)  Tunnel 
spiral  (Fig.  3).  This  is  the  reverse  of  the  previous  plan.  It 
implies  a  thin  steep  ridge,  so  thin  at  some  place  that  a  tunnel 
through  it  will  not  be  excessively  long.  Switchbacks  and 
spirals  arc  sometimes  nect^ssary  in  mountainous  coimtries,  but 
they  should  not  be  considered  as  normal  types  of  construction. 
A  region  must  be  verj'  difficult  if  thcjse  de\'ices  cannot  be  avoided. 
On  Plate  I  are'  shown  tliree  separate  ways  (as  actually  cooi- 
structcd)  of  running  a  railroad  between  two  points  a  little  over 
tJireo  miles  apart  and  having  a  difference  oi  e\ev«b\Aoxv.  ^i  xy^wdf 
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back.  On  the  steep  side-hill  BCD  (Fig.  1)  a  very  considerable 
gain  in  elevation  was  accomplished  by  the  switchljack  CD, 
The  gain  in  elevation  from  j5  to  D  is  very  great.  On  the  other 
hand,  the  speed  must  always  be  slow;  there  are  two  complete 
stoppages  of  the  train  for  each  nm;  all  trains  must  run  back- 
ward from  C  to  D,  (c)  Bridge  spiral.  When  a  valley  is  so 
narrow  at  some  point  that  a  bridge  or  viaduct  of  reasonable 
length  can  span  the  valley  at  a  considerable  elevation  above  the 


bottom  of  the  valley,  a  bridge  spiral  may  be  desirable.  In  Fig.  2 
the  line  ascends  the  stream  valley  past  A,  crosses  the  stream  at 
B,  works  back  to  the  narrow  place  at  C,  and  there  crosses  itself, 
having  gained  perhaps  100  feet  in  elevation,  (d)  Tunnel 
spiral  (Fig.  3).  This  is  the  reverse  of  the  previous  plan.  It 
implies  a  thin  steep  ridge,  so  thin  at  some  place  that  a  tunnel 
through  it  will  not  be  excessively  long.  Switchbacks  and 
spirals  are  sometimes  necessary  in  mountainous  countries,  but 
they  shoidd  not  be  considered  as  normal  types  of  construction. 
A  region  must  be  very  difficult  if  these  devices  cannot  be  avoided 
On  Plate  I  arc'  shown  three  separate  ways  (as  actually  co«fc» 
structed)  of  running  a  railroad  between  two  points  a  little  cnm 
three  miles  apart  and  having  a  difference  oi  e\«v«b\Aoiv.  <A  tiftwdf 
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1100  feet.  At  A  the  Central  R.  R.  of  New  Jersey  runs  under 
the  Lehigh  Valley  R.  R.  and  soon  turns  off  to  the  northeast  for 
about  six  miles,  then  doubles  back,  reaching  />,  a  fall  of  about 
1060  feet  with  a  track  distance  of  about  12.7  miles.  The 
L.  V.  R.  R.  at  A  runs  to  the  westward  for  six  to  seven  miles, 


/>.i^-".    :."^ 


m^ 


Fia.  2. 


Fig.  3. 


then  turns  back  until  the  roads  are  again  close  together  at  D, 
The  track  distance  is  about  14  miles  and  the  drop  a  little  greater, 
since  at  A  the  L.  V.  R.  R.  crosses  over  the  other,  while  at  D  they 
are  at  practically  the  same  level.  From  B  to  C  the  distance  is 
over  eleven  miles.  From  A  directly  down  to  D  the  C.  R.  R.  of 
N.  J.  runs  a  *' gravity"  road,  used  exclusively  for  freight,  on 
w^hich  ears  alone  are  hauled  by  cable.  The  main-line  routes 
are  remarkable  examples  of  sheer  "development."  Even  as 
constructed  the  L.  V.  R.  R.  has  a  grade  of  about  95  feet  per 
mile,  and  this  grade  has  proved  so  excessive  for  freight  work 
that  the  company  has  constructed  a  cut-off  (not  shown  on  the 
map)  which  leaves  the  main  line  at  A,  nearly  parallels  the 
C.  R.  R.  to  C,  and  then  running  in  a  northeasterly  direction 
again  joins  the  main  line  beyond  Wilkesbarre.  The  grade  is 
thereby  cut  down  to  65  feet  per  mile. 

Rack  railways  and  cable  roads,  althow^Vv  iy\>o?».  ol  tuwmxV^xxv 
TtaHroad  construction,  will  not  be  here  coiv?\deTev\, 
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6.  Existing  maps.  The  maps  of  the  U.  S.  Geological  Survey- 
are  exceedingly  valuable  as  far  as  they  have  been  completed. 
So  far  as  topographical  considerations  are  concerned,  they 
almost  dispense  with  the  necessity  for  the  reconnoissance  and 
"first  preliminary'*  surveys.  Some  of  the  Stat«  Survey  maps 
will  give  practically  the  same  information.  County  and  town- 
ship maps  can  often  be  used  for  considerable  information  as  to  the 
relative  horizontal  position  of  governing  points,  and  even  some 
approximate  data  regarding  elevations  may  be  obtained  by  a 
study  of  the  streams.  Of  course  such  information  will  not  dis- 
pense with  surveys,  but  will  assist  in  so  planning  them  as  to 
obtain  the  best  information  with  the  least  work.  When  the 
relative  horizontal  positions  of  points  are  reliably  indicated  on  a 
map,  the  reconnoissance  may  be  reduced  to  the  determination 
of  the  relative  elevations  of  the  governing  points  of  the  route. 

7.  Determination  of  relative  elevations.  A  recent  description 
of  European  methods  includes  spirit-leveling  in  the  reconnois- 
sance work.  This  may  be  due  to  the  fact  that,  as  indicated 
above,  previous  topographical  surveys  have  rendered  unnecessary 
the  "exploratory"  survey  which  is  required  in  a  new  country, 
and  that  their  reconnoissance  really  corresponds  more  nearly  to 
our  preliminary. 

The  perfection  to  which  barometrical  methods  have  been 
brought  has  rendered  it  possible  to  determine  differences  of 
elevation  with  sufficient  accuracy  for  reconnoissance  purposes 
by  the  combined  use  of  a  mercurial  and  an  aneroid  barometer. 
The  mercurial  barometer  should  be  kept  at  "headquarters,"  and 
readings  should  be  taken  on  it  at  such  frequent  intervals  that 
any  fluctuation  is  noted,  and  throughout  the  period  that  observa- 
tions with  the  aneroid  are  taken  in  the  field.  At  each  observa- 
tion there  should  also  be  recorded  the  time,  the  reading  of  the 
attached  thermometer,  and  the  temperature  of  the  external 
air.  For  uniformity,  the  mercurial  readings  should  then  be 
"reduced  to  32°  F."  The  form  of  notes  for  the  mercurial 
barometer  readings  should  be  as  follows : 


Time. 


7:00 
.15 
:30 

.45 


Merc. 
Barom. 


29.872 
.866 
.858 
.H50 


Attached 
Therm. 


72° 
73.5 
75 
76 


Reduction 
to  32°  F. 


.117 
.121 
.125 
.127 


External 
Therm. 

Corrected 
reading. 

73° 
75 
76 

77 

\ 

29.755 
.745 
.733 
.723 
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The  corrections  in  column  4  are  derived  from  Table  XI  by 
interpolation. 

Before  starting  out,  a  reading  of  the  aneroid  should  be  taken 
at  headquarters  coincident  with  a  reading  of  the  mercurial. 
The  difference  is  one  value  of  the  correction  to  the  aneroid. 
As  soon  as  the  aneroid  is  brought  back  another  comparison  of 
readings  should  be  made.  Even  though  there  has  been  con- 
siderable rise  or  fall  of  pressure  in  the  interval,  the  difference 
in  readings  (the  correction)  should  be  substantially  the  same 
provided  the  aneroid  is  a  good  instruAent.  If  the  difference 
of  elevation  is  excessive  (as  when  climbing  a  high  mountain) 
even  the  best  aneroid  will  "lag"  and  not  recover  its  normal 
reading  for  several  hours,  but  this  does  not  apply  to  such  dif- 
ferences of  elevation  as  are  met  with  in  railroad  work.  The 
best  aneroids  read  directly  to  -^  of  an  inch  of  mercury  and 
may  be  estimated  to  -nrinr  ^^  ^^  ii^ch — ^which  corresponds 
to  about  0.9  foot  difference  of  elevation.  In  the  field  there 
should  be  read,  at  each  point  whose  elevation  is  desired,  the 
aneroid,  the  time,  and  the  temperature.  These  readings,  cor- 
rected by  the  mean  value  of  the  correction  between  the  aneroid 
and  the  mercurial,  should  then  be  combined  with  the  reading 
of  the  mercurial  (interpolated  if  necessary)  for  the  times  of 
the  aneroid  observations  and  the  difference  of  elevation  ob- 
tained. The  field  notes  for  the  aneroid  should  be  taken  as 
shown  in  the  first  four  columns  of  the  tabular  form.  The  "  cor- 
rected aneroid"  readings  of  column  5  are  found  by  correcting 
the  readings  of  column  3  by  the  mean  difference  between  the 
mercurial  and  aneroid  when  compared  at  morning  and  night. 
Column  6  is  a  copy  of  the  "corrected  readings"  from  the  office 
notes,  interpolated  when  necessary  for  the  proper  time.  Column 
7  is  similarly  obtained.  Col.  8  is  obtained  from  cols.  4  and  5, 
and  col.  9  from  cols.  6  and  7,  with  the  aid  of  Table  XII.  The 
correction  for  temperature  (col.  11),  which  is  generally  small 
unless  the  difference  of  elevation  is  large,  is  obtained  with  the 
aid  of  Table  XIII.  The  elevations  in  Table  XII  are  elevations 
above  an  assumed  datum  plane,  where  under  the  given  atmos- 
pheric conditions  the  mercurial  reading  would  be  30".  Of 
course  the  position  of  this  assumed  plane  changes  with  varying 
atmospheric  conditions  and  so  the  elevations  are  to  be  con- 
sidered as  relative  and  their  difference  taken.  \^^  ^i)afe  ^xiJOasst^  % 
**FToblem8  in  the   Use  and  Adiuslmeiit  oi  ^ii'e5i^«rv£k%  ^ar 
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Time. 

Place. 

Aneroid. 

Therm. 

Corr. 
Aner. 

Corr. 
Merc. 

7:00 

Office 
JO 
saddle-back 
river  cross. 

29.628 
29.662 
29.874 
29.548 

73° 
72<» 
63^ 

70° 

29.755 

7:10 
7:30 
7:50 

29.789 
29.501 
29.675 

29.748 
29.733 
29.720 

struments/'  Prob.  22.]  Important  points  should  be  observed 
more  than  once  if  possible.  Such  duplicate  observations  will  be 
foimd  to  give  surprisingly  concordant  results  even  when  a 
general  fluctuation  of  atmospheric  pressure  so  modifies  the 
tabulated  readings  that  an  agreement  is  not  at  first  apparent. 
Variations  of  pressure  produced  by  high  winds,  thunder-storms, 
etc.,  will  generally  vitiate  possible  accuracy  by  this  method. 
By  "headquarters"  is  meant  any  place  whose  elevation  above 
any  given  datum  is  known  and  where  the  mercurial  may  be 
placed  and  observed  while  observations  within  a  range  of  several 
miles  are  made  with  the  aneroid.  If  necessary,  the  elevation  of 
a  new  headquarters  may  be  determined  by  the  above  method, 
but  there  should  be  if  possible  several  independent  observations 
whose  accordance  will  give  a  fair  idea  of  their  accuracy. 

The  above  method  should  be  neither  slighted  nor  used  for 
more  than  it  is  worth.  When  properly  used,  the  errors  are 
compensating  rather  than  cumulative.  When  used,  for  example, 
to  determine  that  a  pass  B  is  200  feet  higher  than  a  determined 
bridge  crossing  at  A  which  is  six  miles  distant,  and  that  another 
pass  C  is  310  feet  higher  than  A  and  is  ten  miles  distant,  the 
figures,  even  with  all  necessary  allowances  for  inaccuracy,  wdll 
give  an  engineer  a  good  idea  as  to  the  choice  of  route  especially 
as  affected  by  ruling  grade.  There  is  no  comparison  between 
the  time  and  labor  involved  in  obtaining  the  above  information 
by  barometric  and  by  spirit-leveling  methods,  and  for  recon- 
noissance  purposes  the  added  accuracy  of  the  spirit-leveling 
method  is  hardly  worth  its  cost. 

8.  Horizontal  measurements,  bearings,  etc.  When  there  is 
no  map  which  may  be  depended  on,  or  when  only  a  skeleton 
map  is  obtainable,  a  rapid  survey,  sufficiently  accurate  for  the 
purpose,  may  be  made  by  using  a  pocket  compass  for  bearings 
^nd  a  i;eJemeter^  odometer,  or  pedometer  for  distances.  The 
telemeter  [stadia]  ia  more  accurate,  but  it  requires  a  definite  cleav 
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Temp,  at 
beadqu. 

Approx. 
field  read. 

Approx. 
headq.  read. 

DiflF. 

CJorr.  for 
temp. 

Diflf. 
elev. 

76 

77 

192 
467 
297 

230 
244 
256 

-   38 
+213 
+  41 

-(+  2) 
+  (  +  10) 
+   +  2) 

—  40 
+223 
+  43 

sight  from  station  to  station,  which  may  be  difficult  through  a 
wooded  coimtry.  The  odometer,  which  records  the  revolutions 
of  a  wheel  of  known  circumference,  may  be  used  even  in  rough 
and  wooded  country,  and  the  results  may  be  depended  on  to  a 
small  percentage.  The  pedometer  (or  pace-measurer)  depends 
for  its  accuracy  on  the  actual  movement  of  the  mechanism  for 
each  pace  and  on  the  uniformity  of  the  pacing.  Its  results  are 
necessarily  rough  and  approximate,  but  it  may  be  used  to  fill 
in  some  intermediate  points  in  a  large  skeleton  map.  A  hand- 
level  is  also  useful  in  determining  the  relative  elevation  of  various 
topographical  features  which  may  have  some  bearing  on  the 
proper  location  of  the  road. 

9.  Importance  of  a  good  reconnoissance.  The  foregoing  in- 
struments and  methods  should  be  considered  only  as  aids  in 
exercising  an  educated  common  sense,  without  which  a  proper 
location  cannot  be  made.  The  reconnoissance  survey  should 
command  the  best  talent  and  the  greatest  experience  available. 
If  the  general  route  is  properly  chosen,  a  comparatively  low 
order  of  engineering  skill  can  fill  in  a  location  which  will  prove 
a  paying  railroad  property ;  but  if  the  general  route  is  so  chosen 
that  the  ruling  grades  are  high  and  the  business  obtained  is  small 
and  subject  to  competition,  no  amoimt  of  perfection  in  detailed 
alignment  or  roadbed  construction  can  make  the  road  a  profitable 
investment. 

PRELIMINARY  SURVEYS. 

10.  Character  of  survey.  A  preliminary  railroad  survey  is 
properly  a  topographical  survey  of  a  belt  of  country  which  has 
been  selected  during  the  reconnoissance  and  within  which  it  is 
estimated  that  the  located  line  will  lie.  The  width  of  this  belt 
will  depend  on  the  character  of  the  country.  When  a  railroad 
is  to  follow  a  river  having  very  steep  baTv\?La\\v^  Oao\Q<fe  eJv  X^e-e^- 
Uon  28  sometimes  limited  at  places  to  a  xer^  ie^  "^^^^  ^'^  ^^^^ 
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and  the  belt  to  be  surveyed  may  be  correspondingly  narrowed. 
In  very  flat  country  the  desired  width  may  be  only  limited  by  the 
ability  to  survey  points  with  sufficient  accuracy  at  a  considerable 
distance  from  what  may  be  called  the  ''backbone  line"  of  the 
survey. 

II.  Cross-section  method.  This  is  the  only  feasible  method 
in  a  wooded  country,  and  is  employed  by  many  for  all  kinds 
of  country.  The  backbone  line  is  surveyed  either  by  observ- 
ing magnetic  bearings  with  a  compass  or  by  carrying  forward 


Fig.  4. 


absolute  azimuths  with  a  transit.     The  compass  method  nas 

^Ae  d/sad vantages  of  limited  accuracy  and  the  possibility  of 

o<msjderahle  local  error  owing  to  local  attracUoii.    On  iVi'^  other 
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hand  there  are  the  advantages  of  greater  simplicity,  no  necessity 
for  a  back  rodman,  and  the  fact  that  the  errors  are  purely 
local  and  not  cumulative,  and  may  be  so  limited,  with  care,  that 
they  will  cause  no  vital  error  in  the  subsequent  location  survey. 
The  transit  method  is  essentially  more  accurate,  but  is  liable 
to  be  more  laborious  and  troublesome.  If  a  large  tree  is  en- 
countered, either  it  must  be  cut  down  or  a  troublesome  opera- 
tion of  offsetting  must  be  used.  If  the  compass  is  employed 
under  these  circumstances,  it  need  only  be  set  up  on  the  far  side 
of  the  tree  and  the  former  bearing  produced.  An  error  in 
reading  a  transit  azimuth  will  be  carried  on  throughout  the 
survey.  An  error  of  only  five  minutes  of  arc  will  cause  an  off- 
set of  nearly  eight  feet  in  a  mile.  Large  azimuth  errors  may, 
however,  be  avoided  by  immediately  checking  each  new  azimuth 
with  a  needle  reading.  It  is  advisable  to  obtain  true  azimuth 
at  the  beginning  of  the  survey  by  an  observation  on  the  sun  or 
Polaris,  and  to  check  the  azimuths  every  few.  miles  by  azimuth 
observations.  Distances  along  the  backbone  line  should  be 
measured  with  a  chain  or  steel  tape  and  stakes  set  every  100 
feet.  When  a  course  ends  at  a  substation,  as  is  usually  the  case, 
the  remaining  portion  of  the  100  feet  should  be  measured  along 
the  next  course.  The  level  party  should  immediately  obtain  the 
elevations  (to  the  nearest  tenth  of  a  foot)  of  all  stations,  and  also 
of  the  lowest  points  of  all  streams  crossed  and  even  of  dry  gullies 
which  would  require  culverts. 

12.  Cross-sectioning.  It  is  usually  desirable  to  obtain  con- 
tours at  five-foot  intervals  This  may  readily  be  done  by  the 
use  of  a  Locke  level  (which  should  be  held  on  top  of  a  simple 
five-foot  stick),  a  tape,  and  a  rod  ten  feet  in  length  graduated 
to  feet  and  tenths.  The  method  of  use  may  perhaps  be  best 
explained  by  an  example.  Let  Fig.  5  represent  a  section  per- 
pendicular  to  the  survey  line — such  a  section  as  would  be  made 
by  the  dotted  lines  in  Fig,  4.  C  represents  the  station  point. 
Its  elevation  as  determined  by  the  level  is,  say,  158.3  above 
datum.  When  the  Locke  level  on  its  five-foot  rod  is  placed  at 
C,  the  level  has  an  elevation  of  163.3.  Therefore  when  a  point 
is  found  (as  at  a)  where  the  le\^el  will  read  3.3  on  the  rod,  that 
point  has  an  elevation  of  160.0  and  its  distance  from  the  center 
gives  the  position  of  the  160-foot  contour.  Leaving  the  long 
rod  at  that  point  (a),  carry  the  level  to  some  pom\.  (Jo^  «v\<^\Jcssa.v 
the  level  wiH  agbt  at  the  top  of  the  rod.    b  \a  tVveti  on  V\\fe  \fiKir 
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foot  contour,  and  the  horizontal  distance  ah  added  to  the  hori- 
zontal distance  ac  gives  the  position  of  that  contour  from  the 
center.  The  contours  on  the  lower  side  are  found  similarly. 
The  first  rod  reading  will  be  8.3,  giving  the  155-foot  contour. 


Fig,  5. 


Plot  the  results  in  a  note-book  which  is  ruled  in  quarter-inch 
squares,  using  a  scale  of  100  feet  per  inch  in  both  directions. 
Plot  the  work  up  the  page;  then  when  looking  ahead  along  the 
line,  the  work  is  properly  oriented.     When  a  contour  crosses 


Fio.  6. 


the  survey  line,  the  place  of  crossing  may  be  similarly  deter- 

mined.    If  the  ground  flattens  out  so  that  five-foot  contours  are 

very-  far  apart,  the  absolute  elevations  of  points  at  even  fifty- 
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foot  distances  from  the  center  should  be  determined.  The 
method  is  exceedmgly  rapid.  Whatever  error  or  inaccuracy 
occurs  is  confined  in  its  effect  to  the  one  htation  where  it  occurs. 
The  work  being  thus  plotted  in  the  field,  unusually  irregular 
topography  may  be  plotted  with  greater  certainty  and  no  great 
error  can  occur  without  detection.  It  would  even  be  poss>ible 
by  this  method  to  detect  a  gross  error  that  might  have  been 
made  by  the  level  party 

13.  Stadia  method.  This  method  is  best  adapted  to  fairly 
open  country  where  a  ''shot"  to  any  desired  point  may  be 
taken  without  clearing.  The  backbone  survey  line  is  the  same 
as  in  the  previous  method  except  that  each  course  is  limited  to 
the  practicable  length  of  a  stadia  sight.  The  distance  between 
stations  should  be  checked  by  foiesight  and  backsight— also  the 
vertical  angle.  Azimuths  should  be  checked  by  the  needle. 
Considering  the  vital  importance  of  leveling  on  a  railroad  survey 
it  might  be  considered  desirable  to  run  a  line  of  levels  over  the 
stadia  stations  m  order  that  the  leveling  may  be  as  precise  as 
possible;  but  when  it  is  considered  that  a  preliminary  survey  is 
a  somewhat  hasty  survey  of  a  route  that  may  be  abandoned,  and 
that  the  errors  of  leveling  by  the  stadia  method  (which  are  con- 
pensating)  may  be  so  minimized  that  no  proposed  route  would 
be  abandoned  on  account  of  such  small  error,  and  that  the  effect 
of  such  an  error  may  be  easily  neutralized  by  a  slight  change  in 
the  location,  it  may  be  seen  that  excessive  care  in  the  leveling 
of  the  preliminary  survey  is  hardly  justifiable. 

Since  the  students  taking  this  work  are  assumed  to  be  familiar 
with  the  methods  of  stadia  topographical  surveys,  this  part  of 
the  subject  will  not  be  further  elaborated. 

14.  "  First "  and  "  Second  "  preliminary  surveys.  Some  engi- 
neers advocate  two  preliminary  surveys.  When  this  is  done, 
the  first  is  a  very  rapid  survey,  made  perhaps  with  a  compass, 
ai  d  is  only  a  better  grade  of  reconnoissance.  Its  aim  is  to 
rapidly  develop  the  facts  which  will  decide  for  or  against  any 
proposed  route,  so  that  if  a  route  is  found  to  be  unfavorable 
another  more  or  less  modified  route  may  be  adopted  without 
having  wasted  considerable  time  in  the  survey  of  useless  details. 
By  this  time  the  student  should  have  grasped  the  fundamental 
idea  that  both  the  reconnoissance  and  preliminary  surveys  are 
not  surveys  of  lines  but  of  areas,  that  the\r  a.\vcv  \«.  \>o  «<\\n^^ 
only  thosie  topogrraphical  features  wh'xch  \^^ou\d  \\aN^  ^  ^^XfcT- 
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mining  influence  on  any  railroad  line  which  might  be  constructed 
through  that  particular  territory,  and  that  the  value  of  a  locating 
engineer  is  largely  measured  by  his  abiUty  to  recognize  those 
determining  influences  with  the  least  amount  of  work  from  his 
surveying  corps.  Frequently  too  little  time  is  spent  on  the 
comparative  study  of  preliminary  lines.  A  line  will  be  hastily 
decided  on  after  very  little  study ;  it  will  then  be  surveyed  with 
minute  detail  and  estimates  carefully  worked  up,  and  the  claims 
of  any  other  suggested  route  will  then  be  handicapped,  if  not 
disregarded,  owing  to  an  imwillingness  to  discredit  and  throw 
away  a  large  amount  of  detailed  surveying.  The  cost  of  two  or 
three  extra  preliminary  surveys  (at  critical  sections  and  not  over 
the  whole  line)  is  utterly  insignificant  compared  with  the  prob- 
able improvement  in  the  "operating  value"  of  a  line  located 
after  such  a  comparative  study  of  preUminary  lines. 

LOCATION    SURVEYS. 

15.  "Paper  location."  When  the  preliminary  survey  has 
been  plotted  to  a  scale  of  200  feet  per  inch  and  the  contours 
drawn  in,  a  study  may  be  made  for  the  location  survey.  Disre- 
garding for  the  present  the  effect  on  location  of  transition  curves, 
the  alignment  may  be  said  to  consist  cf  straight  lines  (or  "tan- 
gents") and  circular  curves.  The  "paper  location"  therefore 
consists  in  plotting  on  the  preliminary  map  a  succession  of 
straight  lines  which  are  tangent  to  the  circular  curves  connect- 
ing them.  The  determining  points  should  first  be  considered. 
Such  points  are  the  termini  of  the  road,  the  lowest  practicable 
point  over  a  summit,  a  river-crossing,  etc.  So  far  as  is  possi- 
ble, having  due  regard  to  other  considerations,  the  road  should 
be  a  "surface"  road,  ix.,  the  cut  and  fill  should  be  made  as 
small,  as  possible.  The  maximum  permissible  grade  must  also 
have  been  determined  and  duly  considered.  The  method  of 
location  differs  radically  according  as  the  lines  joining  the  deter- 
mining points  have  a  very  low  grade  or  have  a  grade  that  ap- 
proaches the  maximum  permissible.  With  very  low  natural 
grades  it  is  only  necessary  to  strike  a  proper  balance  between 
the  requirements  for  easy  alignment  and  the  avoidance  of  exces- 
sive earthwork.  When  the  grade  between  two  determined 
points  approaches  the  maximum,  a  study  of  the  location  may  be 
be^n  by  finding  a  strictly  surface  Uue  wUich  will  connect  those 
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p>oints  with  a  line  at  the  given  grade.  For  example,  suppose 
the  required  grade  is  1.6%  and  that  the  contours  are  drawn  at 
5- foot  intervals  It  will  require  312  feet  of  1.6%  grade  to  rise 
5  feet.  Set  a  pair  of  dividers  at  312  feet  and  step  off  this  in- 
terval on  successive  contours.  This  line  will  in  general  be  very- 
irregular,  but  m  an  easy  country  it  may  lie  fairly  close  to  the 
proper  location  line,  and  even  in  difficult  country  such  a  surface 
line  will  assist  greatly  in  selecting  a  suitable  location.  When  the 
larger  part  of  the  line  will  evidently  consist  of  tangents,  the  tan- 
gents should  be  first  located  and  should  then  be  connected  by 
suitable  curves.  When  the  curves  predominate,  as  they  gener- 
ally will  in  mountainous  country,  and  particularly  when  the  line 
is  purposely  lengthened  in  order  to  reduce  the  grade,  the  curves 
should  be  plotted  first  and  the  tangents  may  then  be  drawn 
connecting  them.  Considering  the  ease  with  which  such  lines 
may  be  drawn  on  the  preliminary  map,  it  is  frequently  advisable, 
after  making  such  a  paper  location,  to  begin  all  over,  draw  a 
new  line  over  some  specially  difficult  section  and  compare  re- 
sults. Profiles  of  such  lines  may  be  readily  drawn  by  noting  their 
intersection  with  each  contour  crossed.  Drawing  on  each  profile 
the  required  grade  line  will  furnish  an  approximate  idea  of  the 
comparative  amount  of  earthwork  required.  After  deciding  on 
the  paper  location,  the  length  of  each  tangent,  the  central  angle 
(see  §  21),  and  the  radius  of  each  curve  should  be  measured  as 
accurately  as  possible.  Since  a  slight  error  made  in  such  meas- 
urements, taken  from  a  map  with  a  scale  of  200  feet  per  inch, 
would  by  accumulation  cause  serious  discrepancies  between  the 
plotted  location  and  the  location  as  afterward  surv^eyed  in  the 
field,  frequent  tie  lines  and  angles  should  be  detennined  between 
the  plotted  location  line  and  the  preliminary  line,  and  the  loca- 
tion should  be  altered,  as  may  prove  necessary,  by  changing  the 
length  of  a  tangent  or  changing  the  central  angle  or  radius  of  a 
curve,  so  that  the  agreement  of  the  check-points  will  be  suffi- 
ciently close.  The  errors  of  an  inaccurate  preliminary  survey 
may  thus  be  easily  neutralized  (see  §  33).  When  the  pre- 
liminary line  has  been  properly  run,  its  "backbone"  line  will 
lie  very  near  the  location  line  and  will  probably  cross  it  at  fre- 
quent intervals,  thus  rendering  it  easy  to  obtain  short  and  nu- 
merous tie  lines. 

i6.  Surveying  methods.     A  transit  should  be  used  Coy  aXx^gci- 
meat,  and  only  precise  work  is  allowable.    Tbe  txaiiaVX.  %\»bXAoxi.^ 
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should  be  centered  with  tacks  and  should  be  tied  to  witness- 
stakes,  which  should  be  located  outside  of  the  range  of  the  earth- 
work, so  that  they  will  neither  be  dug  up  nor  covered  up.  All 
original  property  lines  lying  within  the  limits  of  the  right  of  way 
should  be  surveyed  with  reference  to  the  location  line,  so  that 
the  right-of-way  agent  may  have  a  proper  basis  for  settlement. 
When  the  property  lines  do  not  extend  far  outside  of  the  re- 
quired right  of  way  they  are  frequently  surveyed  completely. 

The  leveler  usually  reads  the  target  to  the  nearest  thousandth 
of  a  foot  on  turning-points  and  bench-marks,  but  reads  to  the 
nearest  tenth  of  a  foot  for  the  elevation  of  the  ground  at  stations. 
Considering  that  t^qj^  of  a  foot  has  an  angular  value  of  only  7 
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seconds  at  a  distance  of  300  feet,  and  that  one  division  of  a  level- 
bubble  is  usually  about  30  seconds,  it  may  be  seen  that  it  is  a 
aseless  refinement  to  read  to  thousandths  unless  corresponding 
care  is  taken  in  the  use  of  the  level.  The  leveler  should  also 
locate  his  bench-marks  outside  of  the  range  of  earthwork.  A 
knob  of  rock  protruding  from  the  ground  affords  an  excellent 
mark.  A  large  nail,  driven  in  the  roots  of  a  tree,  which  is  not 
to  be  disturbed,  is  also  a  good  mark.  These  marks  should  be 
clearly  described  in  the  note-book.  The  leveler  should  obtain 
the  elevation  of  the  ground  at  all  station-points;  also  at  all 
sudden  breaks  in  the  profile  line,  determining  also  the  distance 
of  these  breaks  from  the  previous  even  station.     This  will  in- 
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elude  the  position  and  elevation  of  all  streams,  and  even  dry 
gullieS;  which  are  crossed 

Measurements  should  preferably  be  made  wich  a  steel  tape, 
care  being  taken  on  steep  ground  to  insure  horizontal  measure- 
ments. Stakes  are  set  each  100  feet,  and  also  at  the  beginning 
and  end  of  all  curves.  Transit-points  (sometimes  called  "  plugs" 
or  **hubs")  should  be  driven  flush  with  the  ground,  and  a 
"witness-stake,"  having  the  "number  "  of  the  station,  should 
be  set  three  feet  to  the  right-  For  example,  the  witness-stake 
might  have  on  one  side  "137  +  69.92,"  and  on  the  other  side 
"  P  C  4°  R,"  which  would  signify  that  the  transit  hub  is  69.92 
feet  beyond  station  137,  or  13769.92  feet  from  the  beginning  of 
the  line,  and  also  that  it  is  the  "  point  of  curve"  of  a  "  4°  curve" 
which  turns  to  the  right. 

Alignment.  The  alignment  is  evidently  a  part  of  the  loca- 
tion survey,  but,  on  account  of  the  magnitude  and  importance 
of  the  subject,  it  will  be  treated  in  a  separate  chapter. 

17.  Form  of  Notes.  Although  the  Form  of  Notes  cannot  be 
thoroughly  understood  until  after  curves  are  studied,  it  is  here 
introduced  as  being  the  most  convenient  place.  The  right-hand 
page  should  have  a  sketch  showing  all  roads,  streams,  and 
property  lines  crossed  with  the  bearings  of  those  lines.  This 
should  be  drawn  to  a  scale  of  100  feet  per  inch — the  quarter- 
inch  squares  which  are  usually  ruled  in  note-books  giving  con- 
venient 25-foot  spaces.  This  sketch  will  always  be  more  or  less 
distorted  on  curves,  since  the  center  line  is  always  shown  as 
straight  regardless  of  curves.  The  station  points  ("Sta."  in 
first  column,  left-hand  page)  should  be  placed  opposite  to  their 
sketched  positions,  which  means  that  even  stations  will  be 
recorded  on  every  fourth  line.  This  allows  three  intermediate 
lines  for  substations,  which  is  ordinarily  more  than  sufficient. 
The  notes  should  read  up  the  page,  so  that  the  sketch  will  be 
properly  oriented  when  looking  ahead  along  the  line  The 
other  columns  on  the  left-hand  page  will  be  self-explanatory 
when  the  subject  of  curves  is  understood.  If  the  "calculated 
bearings"  are  based  on  azimuthal  observations,  their  agreement 
(or  constant  difference)  with  the  needle  readings  will  form  a 
valuable  check  on  the  curve  calculations  and  the  instrumental 
work. 


CHAPTER  II. 


ALIGNMENT. 


In  this  chapter  the  alignment  of  the  center  line  only  of  a 
pair  of  rails  is  considered.  When  a  railroad  is  crossing  a  sum- 
mit in  the  grade  line,  although  the  horizontal  projection  of  the 
alignment  may  be  straight,  the  vertical  projection  will  consist  of 
two  sloping  lines  joined  by  a  curve.  When  a  curve  is  on  a 
grade,  the  center  line  is  really  a  spiral,  a  curve  of  double  curva- 
ture, although  its  horizontal  projection  is  a  circle.  The  center 
line  therefore  consists  of  straight  lines  and  curves  of  single 
and  double  curvature.  The  simplest  method  of  treating  them 
is  to  consider  their  horizontal  and  vertical  projections  separately. 
In  treating  simple,  compound,  and  transition  curves,  only  the 
horizontal  projections  of  those  curves  will  be  considered. 


SIMPLE    CURVES. 

i8.  Designation  of  curves.  A  curve  may  be  designated  either 
by  its  radius  or  by  the  angle  subtended  by  a  chord  of  unit 
length.  Such  an  angle  is  known 
as  the  **  degree  of  curve  "  and  is 
indicated  by  D.  Since  the  curves 
that  are  practically  used  have  very 
long  radii,  it  is  generally  impracti- 
cable to  make  any  use  of  the  actual 
center,  and  the  curve  is  located 
w!thout  reference  to  it.  If  A  B  in 
Fig.  4  represents  a  unit  chord  (C) 
of  a  curve  of  radius  R,  then  by  the 
above  definition  the  angle  AOB 
equals  D.    Then 


AO  sin  iD=^iAB  =  iC. 


R- 


sin  iD' 


^^^ 


\^ 
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sin  iD  = 


2/r 


(2) 


The  unit  chord  is  variously  taken  throughout  the  world  as 
JW2 JSSi'^-^'^^^' ^"5l^--^J?t'5»-  In  the  United  States  100 
feet  is  invariably  used  as  the  unit  chord  length,  and  throughout 
this  work  it  will  be  so  considered.  Table  I  has  been  computed 
on  this  basis.  It  gives  the  radius,  with  its  logarithm,  of  all 
curves  from  a  0°  01'  curve  up  to  a  10°  curve,  A^arying  by  single 
minutes.  The  sharper  curves,  which  are  seldom  used,  are  given 
with  larger  intervals. 

An  approximate  value  of  R  may  be  readily  found  from  the 
following  simple  rule,  which  should  be  memorized: 


72« 


5730 

D    ' 


Although  such  values  are  not  mathematically  correct,  since  R 
does  not  strictly  vary  invers(4y  as  D,  yet  the  resulting  value  is 
within  a  tenth  of  one  per  cent  for  all  commonly  used  values 
of  R,  and  is  sufficiently  close  for  many  purposes,  as  will  be 
shown  later. 

XQ.  Length  of  a  subchord.  Since  it  is  impracticable  to 
measure  along  a  curved  arc,  curves  are  always  measured  by 
laying  off  100-foot  chord  lengths. 
This  means  that  the  actual  arc  is 
always  a  little  longer  than  the 
chord.  It  also  means  that  a  sii6- 
chord  (a  chord  shorter  than  the  unit 
length)  will  be  a  little  longer  than 
the  ratio  of  the  angles  subtended 
would  call  for.  The  truth  of  this 
may  be  seen  without  calculation 
by  noting  that  two  equal  sub- 
chords,  each  subtending  the  angle 
FiQ.  S,  iD,  will  evidently  be  slightly  longer 

than  60  feet  each.      If  c  be  the  length  of  a  subchord  subtend- 
ing the  angle  d,  then,  as  in  Eq.  2, 


8mid=2jj, 
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or,  by  inversioiii 

c«2iEBiiiJ(i .    (3) 

The  nominal  length  of  a  subchord='100^      For  example, 

a  nominal  subchord  of  40  feet  will  subtend  an  angle  of  xVff  of 
Z)°;  its  true  length  will  be  slightly  more  than  40  feet,  and  may- 
be computed  by  Eq.  3.  The  difference  between  the  nominal 
and  true  lengths"  is  maximum  when  the  subchord  is  about  57 
feet  long,  but  with  the  low  degrees  of  curvature  ordinarily  used 
the  difference  may  be  neglected.  With  a  10°  curve  and  a 
nominal  chord  length  of  60  feet,  the  true  length  is  60.049  feet. 
Very  sharp  curves  should  be  laid  off  with  50-foot  or  even  25- 
foot  chords  (nominal  length).  In  such  cases  especially  the  true 
lengths  of  these  subchords  should  be  computed  and  used  instead 
of  the  nominal  lengths. 

20.  Length  of  a  curve.  The  length  of  a  curve  is  always 
indicated  by  the  quotient  of  lOOJ-v-D,  If  the  quotient  of 
J-^D  is  a  whole  number,  the  length  as  thus  indicated  is  the 
true  length — measured  in  100-foot  chord  lengths.  If  it  is  an 
odd  number  or  if  the  curve  begins  and  ends  with  a  subchord 
(even  though  J 4-2)  is  a  whole  number),  theoretical  accuracy 
requires  that  the  true  subchord  lengths  shall  be  used,  although 
the  difference  may  prove  insignificant.  The  length  of  the  arc 
(or  the  mean  length  of  the  two  rails)  is  therefore  always  in 
excess  of  the  length  as  given  above.  Ordinarily  the  amount 
of  this  excess  is  of  no  practical  importance.  It  simply  adds  an 
insignificant  amount  to  the  length  of  rail  required. 

Example.  Required  the  nominal  and  true  lengths  of  a 
3°  45'  curve  having  a  central  angle  of  17°  25'.  First  reduce 
the  degrees  and  minutes  to  decimals  of  a  degree.  (100  X 1 7°  25') 
-.30  45' -=1741-667^3.75=464  444.  The  curve  has  four  100- 
foot  chords  and  a  nominal  chord  of  64.444  The  true  chord 
should  be  64.451.     The  actual  arc  is 

17°.4167  X  jgQ-o  X  72 =464.527 

The  excess  is  therefore  464  527  -464  451  =0.076  foot. 

21.  Elements  of  a  curve.     Considering  the  line  as  running 
from  A  toward  B,  the  beginning  of  the  curve,  a^  A,  \^  ^«J^.^^ 
the  point  0}  curve  (PC).     The  other  end  o{  tVie  curve,  «A,  H,  S:s 
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called  the  point  of  tangency   (PT).     The  intersection   of  the 

tangents  is  called  the  vertex  (F), 
The  angle  made  by  the  tangents 
at  V,  which  equals  the  angle 
made  by  the  radii  to  the  extrem- 
ities of  the  curve,  is  called  the 
central  angle  (J).  AV  and  BV, 
the  two  equal  tangents  from  the 
vertex  to  the  PC  and  PT,  are 
called  the  tangent  distances  (7^. 
The  chord  A  B  is  called  the  long 
chord  (LC).  The  intercept  HG 
from  the  middle  of  the  long 
chord  to  the  middle  of  the  arc 
is  called  the  middle  ordinate  (M). 
That  part  of  the  secant  GV  from 
the  middle  of  the  arc  to  the  vertex  is  called  the  exlernal  distance 
(E).  From  the  figure  it  is  very  easy  to  derive  the  following  fre- 
quently used  relations: 


r  =  i2taniJ 
LC =2R  sin  i  J 
M  =R  vers  \A 

E=R  exsec  \A 


(4) 
(5) 
(6) 
(7) 


22.  Relation  between  T,  f:,  and  A.  Join  A  and  G  in  Fig.  9. 
The  angle  VAG  =  \J,  since  it  is  measured  by  one  half  of  the 
arc  AG  between  the  secant  and  tangent.     AGO  =90°— J  J. 


8m  AGV 


AV'.VG  ::  sin  AGV  :  sin  VAG; 
= sin  A  GO = cos  J  J : 

T  :E  :  icoaiJ  isin^J; 
T=E  cot  iJ 


(8) 


The  same  relation  may  be  obtained  by  dividing  Eq.  4  by  Eq. 
7,  since  tan  a —  exsec  a=cot  Ja. 

23.  Elements  of  a  1°  curve.  From  Eqs.  1  to  8  it  is  seen  that 
the  elements  of  a  curve  vary  directly  as  R.  It  is  also  seen  to 
be  very  nearly  true  that  R  varies  inversely  as  D.  If  the  ele- 
ments of  a  1°  curve  for  various  central  angles  are  calculated  and 
tabulated,  the  elements  of  a  curve  of  D°  curvature  may  be 
approximately  found  l)y  dividing  by  D  the  corresponding  ele- 
meuts  of  a  1°  curve  having  the  same  central  angle.     For  small 
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central  angles  and  low 'degrees  of  curvature  the  errors  involved 
by  the  approximation  are  insignificant,  and  even  for  larger 
angles  the  errors  are  so  small  that  for  many  purposes  they  may  be 
disregarded 

In  Table  II  is  given  the  value  of  the  tangent  distances, 
external  distances,  and  long  chords  for  a  1°  curve  for  various 
central  angles  The  student  should  familiarize  himself  with  the 
degree  of  approximation  involved  by  solving  a  large  number  of 
cases  under  various  conditions  by  the  exact  and  by  the  approxi- 
mate methods,  in  order  that  he  may  know  when  the  approxi- 
mate method  is  sufficiently  exact  for  the  intended  purpose. 
The  approximate  method  also  gives  a  ready  check  on  the 
exact   method. 

24.  Exercises,  (a)  What  is  the  tangent  distance  of  a  4°  20' 
curve  having  a  central  angle  of  18°  24'? 

(6)  Given  a  3°  30'  curve  and  a  central  angle  of  16°  20',  how 
far  will  the  curve  pass  from  the  vertex?    [Use  Eq.  7] 

(c)  An  18°  curve  is  to  be  laid  off  using  25-foot  (nominal) 
chord  lengths.     What  is  the  true  length  of  the  subchords? 

(d)  Given  two  tangents  making  a  central  angle  of  15°  24'. 
It  is  desired  to  connect  these  tangents  by  a  curve  which  shall 
pass  16.2  feet  from  their  intersection.  How  far  down  the 
tangent  will  the  curve  begin  and  what  will  be  its  radius?  (Use 
Eq.  8  and  then  use  Eq   4  inverted.) 

25.  Curve  location  by  deflections.  The  angle  between  a 
secant  and  a  tangent  (or  between  two  secants  intersecting  on  an 
arc)  is  measured  by  one  half  of  the  intercepted  arc.  Beginning 
at  the  PC  (A  in  Fig.  10),  if  the 
first  chord  is  to  be  a  full  chord 
we  may  deflect  an  angle  VAa 
(=JD\  and  the  point  a,  which  is 
100  feet  from  A,  is  a  point  on  the 
curve.  For  the  next  station,  b, 
deflect  an  additional  angle  bAa 
(n^D)  and,  with  one  end  of  the 
tape  at  a,  swing  the  other  end 
until  the  100-foot  point  is  on  the 
line  Ab.  The  point  b  is  then  on 
the  curve.  If  the  final  chord  cB 
is  a  subchord,  its  additional  deflec-  Fio.  10. 

tion  (id)  M something  Ipsh  than  JZ>.     The  last  deflection  ^B  A-V^  >a 
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of  course  JJ.  It  is  particularly  important,  when  a  curve  begins 
or  ends  with  a  subchord  and  the  d(;flection8  are  odd  quantities, 
that  the  last  additional  deflection  should  be  carefully  com- 
puted and  added  to  the  previous  deflection,  to  check  the  mathe- 
matical work  by  the  agreement  of  this  last  computed  deflec- 
tion with  iJ. 

Example.  Given  a  3°  24'  curve  having  a  central  angle  of 
18°  22'  and  beginning  at  sta.  47 +32^  to  compute  the  deflec- 
tions. The  nominal  length  of  curve  is  18°  22' -i- 3°  24' =-18.367 -5- 
3.40 « 5.402  stations  or  540.2  feet.  The  curve  therefore  ends 
at  sta.  52  +  72.2.  The  deflection  for  sta.  48  is  iV(jXi(3°24') 
-0.68Xl°.7  =  l°.156  =  l°09'  nearly.  P'or  each  additional  100 
feet  it  is  1°  42'  additional.  The  final  additional  deflection  for 
the  final  subchord  of  72.2  feet  is 

^XK3°  24')  =1°.2274  =  1°  14'  nearly. 

The  deflections  are 

P.  C  . . .  Sta.  47  +  32 0° 

48 0°       +1°09'  =  1°09' 

49 1°  09'  +  l°  42'-2°  51' 

50 2°  51 '  +  1°  42'  :=4°  33' 

51 4°  33' +  1°  42' -6°  15' 

52 6°  15'  + 1°  42'«7°  57' 

P.T 52  +  72.2 7°  57' +  1°  14' -9°  11' 

As  a  check  9°  ll'  =  i(18°  22')  =iz/.  (See  the  Form  of  Notes 
in  §  17.) 

26.  Instrumental  work.  It  is  generally  impracticable  to 
locate  more  than  500  to  600  feet  of  a  curve  from  one  station. 
Obstructions  will  sometimes  require  that  the  transit  be  moved  up 
every  200  or  300  feet.  There  are  two  methods  of  setting  off 
the  angles  when  the  transit  has  been  moved  up  from  the  PC, 

(a)  The  transit  mav  be  sighted  at  the  previous  transit  station 
with  a  reading  on  the  plates  equal  to  the  deflection  angle  from 
that  station  to  the  station  occupied,  but  with  the  angle  set  off  on 
the  other  side  of  0°,  so  that  when  the  telescope  is  turned  to  0°  it 
will  sight  along  the  tangent  at  the  station  occupied.  Plunging 
the  telescope,  the  forward  stations  may  be  set  off  by  deflecting 
tire  proper  deflections  horn  the  tangent  at  the  station  occupied 
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This  is  a  very  common  method  and,  when  the  degree  of  curva- 
ture is  an  even  number  of  degrees  and  when  the  transit  is  only 
set  at  even  stations,  there  is  but  little  objection  to  it.  But  the 
degree  of  curvature  is  sometimes  an  odd  quantity,  and  the  exi- 
gencies of  difficult  location  frequently  require  that  substations 
be  occupied  as  transit  stations.  Method  (a)  will  then  require 
the  recalcula*bion  of  all  deflections  for  each  new  station  occupied. 
The  mathematical  work  is  largely  increased  and  the  probability 
of  error  is  very  greatly  increased  and  not  so  easily  detected. 
Method  (6)  is  just  as  simple  as  method  (a)  even  for  the  most 
simple  cases,  and  for  the  more  difficult  cases  just  referred  to  the 
superiority  is  very  great. 

(b)  Calculate  the  deflection  for  each  station  and  substation 
throughout  the  curve  as  though  the  whole  curve  were  to  be  lo- 
cated from  the  PC.  The  computations 
may  thus  be  completed  and  checked  (as 
above)  before  beginning  the  instrumental 
work.  If  it  imexpectedly  becomes  neces- 
sary to  introduce  a  substation  at  any 
point,  its  deflection  from  the  PC  may  be 
readily  interpolated.  The  stations  actually 
set  from  the  PC  are  located  as  usual. 
Rule.  When  the  transit  is  set  on  any 
forward  station,  backsight  to  ant  previous 
station  with  the  plates  set  at  the  deflection 
angle  for  the  station  sighted  at.  Plunge  J 
the  telescope  and  sight  at  any  forward 
station  with  the  deflection  angle  originally 
computed  for  that  station.  When  the 
plates  read  the  deflection  angle  for  the 
station  occupied,  the  telescope  is  sighting 
along  the  tangent  at  that  station — which 
is  the  method  of  getting  the  forward  tan- 
gent when  occupying  the  PT.  Even  though 
the  station  occupied  is  an  unexpected  sub- 
station, when  the  instrument  is  properly 
oriented  at  that  station,  the  angle  reading 
for  any  station,  forward  or  back,  is  that  originally  computed 
for  it  from  the  PC.  In  difficult  work,  where  there  are  ob- 
structions, a  valuable  check  on  the  accuracy  Tcvay  \i^  lo\ycA\i^ 
mghting  backward  at  any   visible  statioti  and  ivoWti^ '^Yv^'Ociet 
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its  deflection  agrees  with  that  originally  computed.  As  a 
numerical  illustration,  assume  a  4°  curve,  with  28°  curvature, 
with  stations  0,  2,  4,  and  7  occupied.  After  setting  stations 
1  and  2,  set  up  the  transit  at  sta.  2  and  backsight  to  sta.  0 
with  the  deflection  for  sta.  0,  which  is  0°.  The  reading  on  sta. 
1  is  2°;  when  the  reading  is  4°  the  telescope  is  tangent  to 
the  curve,  and  when  sighting  at  3  and  4  the  deflations  will  be 
6°  and  8°.  Occupy  4 ;  sight  to  2  with  a  reading  of  4°.  When 
the  reading  is  8°  the  telescope  is  tangent  to  the  curve  and,  by 
plunging  the  telescope,  5,  6,  and  7  may  be  located  with  the 
originally  computed  deflections  of  10°,  12°,  and  14°.  When  oc- 
cupying 7  a  backsight  may  be  taken  to  any  visible  station  with 
the  plates  reading  the  deflection  for  that  station;   then  when 


Fig.  12. 


Fig.  13. 


the  plates  read  14°  the  telescope  will  point  along  the  forward 
tangent. 

The  location  of  curves  by  deflection  angles  is  the  normal 
method.     A  few  other  methods,  to  be  described,  should  be  con- 
mdcred  as  exceptional. 
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27.  Curve  location  by  two  transits.  A  curve  might  be  located 
more  or  less  on  a  swamp  where  accurate  chaining  would  be 
exceedingly  difficult  if  not  impossible.  The  long  chord  AB 
(Fig.  12)  may  be  determined  by  triangulation  or  otherwise, 
and  the  elements  of  the  curve  computed,  including  (possibly) 
subchords  at  each  end.  The  deflection  from  A  and  B  to  each 
point  may  be  computed.  A  rodman  may  then  be  sent  (by 
whatever  means)  to  locate  long  stakes  at  points  determined 
by  the  simultaneous  sightings  of  the  two  transits. 

28.  Curve  location  by  tangential  offsets.  When  a  curve  is 
very  flat  and  no  transit  is  at  hand  the  following  method  may  be 
used  (see  Fig.  13) :  Produce  the  back  tangent  as  far  forward  as 
necessary.  Compute  the  ordinates  Oa\  Ob',  Oc' ,  etc.,  and  the 
abscissa;  a'a^  b'h,  c'c,  etc.     If  Oa  is  a  full  station  (100  feet),  then 


Oa'  =0a'  =100  cos  \D,  also  =  K  sin  D ; 

Oh'  =Oa'  +  a'b'  =  100  cos  iD  +  100  cos  ID, 

also  =  R  sin  2D ; 
Oc'  =0a'  +a'6'  +  b'c'  =  100(cos  JD  +  cos  |D  +  cos  |D), 

also  =  R  sin  3D ; 


etc. 


a'a  =  100  sin  JD,    also  =  R  vers  D ; 

b'b=a'a  +  b"b  =100  sin  JO +  100  sin  |Z), 

also  =  R  vers  2D ; 
c'c=^b'b-\-c"c  =100(sin  iZ)4-sin  |Z>-i-sin  |D), 

also  =  /2  vers  SD; 


(9) 


(10) 


etc. 

The  functions  JD,  |i),  etc.,  may  be  more  conveniently  used 
without  logarithms,  by  adding  the  several  natural  trigonometrical 
functions  and  pointing  off  two  decimal  places.  It  may  also  be 
noted  ttat  Ob'  (for  example)  is  one  half  of  the  long  chord  for 
four  stations;  also  that  b'b  is  the  middle  ordinate  for  four 
stations.  If  the  engineer  is  provided  with  tables  giving  the  long 
chords  and  middle  ordinates  for  various  degrees  of  curvature, 
these  quantities  may  be  taken  (perhaps  by  interpolation)  from 
such  tables. 

If  the  curve  begins  or  ends  at  a  substation,  the  aw^J^e.'Sk  'd^v^ 
terms  will  be  correspondingly  altered.    T\v&  u\o^\^caXAo\vft  \xia.>3 
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be  readily  deduced  on  the  same  principles  as  above,  and  should 
be  worked  out  as  an  exercise  by  the  student. 

In  Table  II  are  given  the  long  chords  for  a  1°  curve  for  various 
values  of  A.  Dividing  the  value  as  given  by  the  degree  of  the 
curve,  we  have  an  approximate  value  which  is  amply  close  for 
low  degrees  of  curvature,  especially  for  laying  out  curves  with- 
out a  transit.  For  example,  given  a  4°  30'  curve,  required  the 
ordinate  Oc\  This  is  evidently  one  half  of  a  chord  of  six  stations, 
with  J  =27°.  Dividing  2675.1  (which  is  the  long  chord  of  a 
1°  curve  with  A  =27°)  by  4.5  we  have  594.47;  one  half  of  this  is 
the  required  ordinate,  Oc' =297.23.  The  exact  value  is  297.31, 
an  excess  of  .08,  or  less  than  .03  of  1%.  The  true  values 
are  always  slightly  in  excess  of  the  value  as  computed  from 
Table  II. 

Exercise,  A  3°  40'  curve  begins  at  sta.  18  +  70  and  runs  to 
sta.  23  +  60.  Required  the  tangential  offsets  and  their  corre- 
sponding ordinate?.  The  first  ordinate  =30  cos  i( ,%  X 3°  40')  = 
30X.99995=29.9985;  the  offset=30  sin  0°  33'=30X.0096  = 
0.288.  For  the  second  full  fetation  (sta.  20)  the  ordinate  = 
i  long  chord  for  J  =2(1°  00' +  3°  40')  with  D=3°40'.  Divid- 
ing 476.12,  from  Table  IT,  by  3^,  wo  have  129,85.  Otherwise, 
by  Eq.  9,  the  ordinate  =  30  X  cos  0°  33'  + 100  cos  (1°  06'  + 1°  50') 
=  30.00  +  99.87  =  129.87.  The  offset  for  sta.  20=30  siu  0°  33'  + 
100  sin  (1°  06'  +  1°  50^)  =  0.288  +  5.12  =  5.41.  Work  out 
similarly  the  ordinates  and  offsets  for  sta.  21,  22,  23,  and 
23  +  60. 

29.  Curve  location  by  middle  ordinates.  Take  first  the  sim- 
pler case  when  the  curve  begins  at  an  even  station.  If  we  con- 
sider (in  Fig.  14)  the  curve  produced  back  to  2,  the  chord  za  = 
2 X 100  cos  JD,  A'a  =  100  cos  \D,  and  A' A  =am=zn  =  100  sin  JD. 
Set  off  A  A'  perpendicular  to  the  tangent  and  A'a  parallel  to 
the  tangent.  AA' =aa' =66' =cc',  etc.  =  100  sin  i/>.  Set  off 
era'  perpendicular  to  a'A.  Produce  Aa'  until  a'6=A'a,  thus 
determining  6.  Succeeding  points  of  the  curve  may  thus  be 
determined  indefinitely. 

Suppose  the  curve  begins  with  a  subchord.  As  before 
ra'^Am'  —c'  cos  Jd',  and  rA  =am'  =c'  sin  \d'.  Also  sz  =  An'  = 
c"  cos  K',  and  ' sA  =zn'  =c"  sin  id",  in  which  (d'  +  d")  =D. 
The  points  z  and  a  being  determined  on  the  ground,  aa'  may; 
be  computed  and  set  off  as  before  and  the  curve  continued  in; 
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full  stations.    A  subchord  at  the  end  of  the  curve  may  be  located 
by  a  similar  process. 

30.  Curve  location  by  offsets  from  the  long  chord.  (Fig.  16.) 
Consider  at  once  the  general  case  in  which  the  curve  commences 
with  a  subchord  (curvature,  df),  continues  with  one  or  more  full 


Fia.  14. 


Fig.  15. 


Fig.  16. 


chords  (curvature  of  each,  D),  and  ends  with  a  subchord  with 
curvature  d".  The  numerical  work  consists  in  computing  first 
ABf  then  the  various  abscissae  and  ordinates.     AB=*^2R  sin  J  J. 


AV'^Aa'+aV  =c' cos  K^-<^')  +  100  cos  K^-2d'-/)); 

Ac'-ila'+o'&'+6'c'-c' cos  K^-d')  +  100  cos  f(J-2d'-D) 

+ 100  cos  K-rf  -  2d*  -  D) ; 


'^AB-Bd 


- 2i2  sin  ii  - c*  cos  K^  - d'). 


a'a^afa         — c'  sin  \(^A  — rf'); 

6'6-a'a+m6-c' 8ini(i-d')  +  in0sin  Ki~2d'-i)); 

tfc  -f  6-n6-c'  sin  i(i -d')-\-\.^  sin  i(J  -2d'  -D) 

-100sinJ(J-2d*-I>); 
alao  -c»8inK^-d'). 


\    (11) 


(12) 


The  above  formuhe  are  considerably   s\mp\i&^d  ^kV^sh  X}c^ 
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curve  begins  and  ends  at  even  stations.  When  the  curve  is 
very  long  a  regular  law  becomes  very  apparent  in  the  formation 
of  all  terms  between  the  first  and  last.  There  are  too  few  terms 
in  the  above  equations  to  show  the  law. 

31.  Use  and  value  of  the  above  methods.  The  chief  value 
of  the  above  methods  lies  in  the  possibility  of  doing  the  work 
without  a  transit.  The  same  principles  are  sometimes  em- 
ployed, even  when  a  transit  is  used,  when  obstacles  prevent  the 
use  of  the  normal  method  (see  §  32,  c).  If  the  terminal  tan- 
gents have  already  been  accurately  determined,  these  methods 
are  useful  to  locate  points  of  the  curve  when  rigid  accuracy  is 
not  essential.  Track  foremen  frequently  use  such  methods  to 
lay  out  unimportant  sidings,  especially  when  the  engineer  and 
his  transit  are  not  at  hand.  Location  by  tangential  offsets  (or 
by  offsets  from  the  long  chord)  is  to  be  preferred  when  the 
curve  is  flat  (i.e.,  has  a  small  central  angle  J)  and  there  is  no 
obstruction  along  the  tangent,  or  long  chord.  Location  by 
middle  ordinates  rrmy  be  employed  regardless  of  the  length  of 
the  curve,  and  in  cases  when  both  the  tangents  and  the  long 
chord  are  obstructed.  The  above  methods  are  but  samples 
of  a  large  number  of  similar  methods  which  have  been  devised. 
The  choice  of  the  particular  method  to  be  adopted  must  be 
determined  by  the  local  conditions. 

32.  Obstacles  to  location.  In  this  section  will  be  given  only 
a  few  of  the  principles  involved  in  this 
class  of  problems,  with  illustrations.  The 
engineer  must  decide,  in  each  case,  which 
is  the  best  method  to  use.  It  is  frequently 
advisable  to  devise  a  special  solution  for 
some  particular  case. 

a.  When  the  vertex  is  inaccessible.  As 
shown  in  §  26,  it  is  not  absolutely  essential 
that  the  vertex  of  a  curve  should  be 
located  on  the  ground.  But  it  is  very  evi- 
dent that  the  angle  between  the  terminal 
tangents  is  determined  wiih  far  less  prob- 
able error  if  it  is  measured  by  a  single 
measurement  at  the  vertex  rather  than  as 
the  result  of  numerous  angle  measurements 
Fig.  17.  along    the    curve,    involving    several    posi- 

^/ans  of  the  transit  and    comparatively  short  sights     Some- 
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times  the  location  of  the  tangents  is  already  determined  on 
the  ground  (as  by  bn  and  am,  Fig.  17),  and  it  is  required  to 
join  the  tangents  by  a  curve  of  given  radius.  Method.  Measure 
ab  and  the  angles  Vba  and  baV.  J  is  the  sum  of  these  angles. 
The  distances  bV  and  aV  are  computable  from  the  above  data. 
Given  J  and  R,  the  tangent  distances  are  computable,  and  then 
Bb  and  a  A  are  found  by  subtracting  bV  and  aV  from  the  tan- 
gent distances.  The  curve  may  then  be  run  from  A,  and  the 
work  may  be  checked  by  noting  whether  the  curve  as  run  endc 
at  B — previously  located  from  b. 

Example.      Assume    06 =546  82;     angle  a  =  15°  18';     angle 
6  =  18°  22';  D  =3°  40' ;  required  a  A  and  bB. 
J  « 15°  18'  + 18°  22'  =33°  40' 

Eq.  (4)  R      (3°  40') 3.19392 

tan  iJ  =tan  16°  50' 9.48080 

7=472.85 2.67475 

V    nh^^^^^^        ^ 2.73784 

^^  sin  33°  40'        log  sin  18°  22' 9.49844 

co-log  sin  33°  40' 0.25621 

aF=310.81 2.49250 

Ar=472.85 

aA  =162.04 


^'^"      sin  33°  40'        log  sin  15°  18' 9.42139 

co-log  sin  33°  40' 0.25621 

67=260.29 2.41545 

.67=472.85 

6B=212.56 

b.  When  the  point  of  curve  (or  point  of  tangency)  is  inacces- 
fldble.  >t  some  distance  (As,  Fig  18)  an  unobstructed  line  jm 
may  be  run  parallel  with  AV.    nv=py=As=R  vers  a. 

\  vers  a^As-i-R, 

fw«=ps— Rama, 


32 


RAILROAD  CONSTRUCTION. 


§33. 


Fig.  18. 


At  y,  which  is  at  a  distance  ps  back  from  the  computed  posi- 
tion of  A,  make  an  offset  sA 
to-  p.  Run  pn  parallel  to  the 
tangent.  A  tangent  to  the 
curve  at  n  makes  an  angle  of  a 
with  np.  From  n  the  curve  is 
run  in  as  usual 

If  the  point  of  tangenoy  is 
obstructed,  a  similar  process, 
somewhat  reversed,  may  be 
used,  p  is  that  portion  of  A  still 
to  be  laid  off  when  m  is  reached. 

vers  p. 

c.  When  the  central  part  of 
the  curve  is  obstructed,  a  is  the 
central  angle  between  two  points 
of    the    curve    between    which 

a  chord  may  be  run.     a  may  equal  any  angle,  but  it  is  prefer- 
able that  a  should  be  a  multiple 

of  D,  the  degree  of  curve,  and  that 

the  points  m  and  n  should  be  on 

even  stations.     mn=2i2  sin  ia.     A 

point  8  may  be  located  by  an  offset 

ks  from  the  chord  mn  by  a  similar 

method  to  that  outlined  in  §  30. 
The   device    of   introducing   the 

dotted  curve  mn  having  the  same 

radius  of  curvature  as  the  other, 

although     neither     necessary     nor 

advisable    in    the    case    shown    in 

Fig.    19,    is    sometimes    the    best 

method    of    surveying    around    an 

obstacle.     The  offset  from  any  point  on  the  dotted  curve  to 

the  corresponding  point  on  the  true  curve  is  twice  the  "  ordinate 

to  the  long  chord,"  as  computed  in  §  30. 

33.  Modifications  of  location.     The  following  methods  may 

be  used  in  allowing  for  the  discrepancies  between  the  ''paper 

location"  based  on  a  more  or  less  rough  preliminary  survey  and 

the  more  accurate  instrumental  location.     (See  §  15.)     They  are 


FiQ.  19. 
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also  frequently  used  in  locating  new  parallel  tracks  and  modify- 
ing old  tracks. 

a.  To  move  the  forward  tangent  parallel  to  itself  a  distance  at^ 
the  point  of  curve  {a)  remaining  fixed.    (Fig.  20.) 


VT 


sin  h  V  F'     sin  d'    '     * 
'  AV'==AV^VV\ 
The  triangle  BmB^  is  isosceles  and  Bm=^B'm, 

BW  x" 


B'^n^OV==mB  = 


R'^R  + 


vers  B'mB    vers  J' 
x' 


vers  f 


(13) 


(14) 


The  solution  is  very  similar  in  case  the  tangent  is  moved  in- 
ward to  V'^B",    Note  that  this  method  necessarily  changes  the 


o'  o  o" 


Fia.  20. 


FxQ.  21. 


rAdius.    If  the  radius  is  not  to  be  changed,  the  point  of  curve 
must  be  altered  as  follows: 

b.  To  move  th«  forward  tangent  parallel  \o  \\sft\i  «^  ^%\»caK.^  «^> 
tb§  radiuB  being  unchanged.     ( fig.  21 .)     In  t\ii^  esi^^  XX^a  V^^^ 
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curve  is  moved  bodily  a  distance  00^ 
moved  parallel  to  the  first  tangent  A  V 

B'n  X 


-AA'^VV'^BB',  and 


BB'  = 


sin  nBB' 


=AA'. 


(15) 


sin  A 

c.  To  change  the  direction  of  the  forward  tangent  at  the  point 
of  tangency.     (Fig.  22.)     This  problem  involves  a  change  (a)  in 
the  central  angle  and  also  requires  a 
new  radius.     An  error  in  the  deter- 
mination of  the   central   angle  fur- 
nishes an  occasion  for  its  use. 
R,  A  J  a  J  A  V,  and  BV  are  known. 
A'  =  A-a, 


Fig.  22. 


Bs=R  vers  A.      Bs=R'  vers  J'. 

,.   R'^R-^J--      .      (16) 
vers  (J  — a) 

As=R  sin  A.    A's=R'8mA'. 


AA^=:A's-As=R'  sin  A'-R  sin  A 


(17) 


The  above  solutions  are  given  to  illustrate  a  large  class  of 
problems  which  are  constantly  arising.  All  of  the  ordinary 
problems  can  be  solved  by  the  application  of  elementary  geome- 
try and  trigonometry. 

34.  Limitations  in  location.  It  may  be  required  to  run  a 
curve  that  shall  join  two  given  tangents  and  also  pass  through  a 
given  point  The  point  (P,  Fig. 
23)  is  assumed  to  be  deter- 
mined by  its  distance  (VP) 
from  the  vertex  and  by  the 
angle  AVP=^. 

It  is  required  to  determine 
the  radius  (R)  and  the  tangent 
distance  (AV).     A  is  known. 

=90°-(iA  +  8). 
PP' =^2VP  sin  PVG 

=2FPcos(ii+i»). 
PSF=iJ. 


Fig.  23. 
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\       sm  J  J  L       sin  iJ  J 


sin^g^     2sin/?cos(iJ-f/^) 


5F  =  FP^^iMi4t^. 
sin  iJ 

i4F=^>S4-5F 

=  ^^[sin(iJ+/?)+\/sin2/?  +  2sin/5siniJcos(iJ+^)].  (18) 

i2=AFcotiJ. 

In  the  special  case  in  which  P  is  on  the  median  line  OV, 
^=90°— JJ,  and  (iJ+i5)=90°.     Eq.  18  then  reduces  to 

VP 

AF-^j^(l  +COS  iJ)  =  VP  cot  iJ, 

as  might  have  been  immediately  derived  from  Eq.  8. 

In  case  the  point  P  is  given  by  the  offset  PK  and  by  the 
distance  VK,  the  triangle  PKV  may  be  readily  solved,  giving  the 
distance  VP  and  the  angle  p,  and  the  remainder  of  the  solution 
will  be  as  above, 

35.  Determination  of  the  curvature  of  existing  track,  (a)  Using 
a  transit.  Set  up  the  transit  at  any  point  in  the  center  of  the 
track.  Measure  in  each  direction  100  feet  to  points  also  in  the 
center  of  the  track.  Sight  on  one  point  with  the  plates  at  0°. 
Plunge  the  telescope  and  sight  at  the  other  point.  The  angle 
between  the  chords  equals  the  degree  of  curvature. 

(b)  Using  a  tape  and  string.  Stretch  a  string  (sav  50  feet 
long)  between  two  points  on  the  inside  of  the  head  of  the  outer 
rail.  Measure  the  ordinate  (x)  between  the  middle  of  the  string 
and  the  head  of  the  rail.     Then 

„      chord^  ,                  ,   .  ,,^^ 

-K= —g^( very  nearly) (19) 

For,  in  Fig.  24,  since  the  triangles  AOE  and  ADC  «kX^  ssm^«t^ 
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AO  :AE  ::AD  :DC  or  R^iAD^^x,  When,  as  is  usual, 
the  arc  is  very  short  compared  with  the 
radius,  AD  =  iAB,  very  nearly.  Making 
this  substitution  we  have  Eq.  19.  With  a 
chord  of  50  feet  and  a  10°  curve,  the  result- 
ing difference  in  x  is  .0025  of  an  inch — far 
within  the  possible  accuracy  of  such  a 
method.  The  above  method  gives  the 
radius  of  the  inner  head  of  the  outer  rail. 
It  should  be  diminished  by  Jgr  for  the  radius 
of  the  center  of  the  track.  With  easy  curvature,  however,  this 
will  not  affect  the  result  by  more  than  one  or  two  tenths  of  one 
per  cent. 

The  inversion  of  this  formula  gives  the  required  middle  or- 
dinate for  a  rail  on  a  given  curve.  For  example,  the  middle 
ordinate  of  a  30-foot  rail,  bent  for  a  6°  curve,  is 

x=900-^(8X955)  =.118  foot*=1.4  inches. 

Another  much  used  rule  is  to  require  the  foreman  to  have  a 
string,  knotted,  at  the  center,  of  such  length  that  the  middle 
ordinate,  measured  in  inches,  equals  the  degree  of  curve.  To 
find  that  length,  substitute  (in  Eq.  19)  5730 -hi)  for  R  and 
D-T- 12  for  X.  Solving  for  chord,  we  obtain  chord '^(jl. 8  feet. 
The  rule  is  not  theoretically  exact,  but,  considering  the  uncertain 
stretching  of  the  string,  the  error  is  insignificant.  In  fact,  the 
distance  usually  given  is  62  feet,  which  is  close  enough  for  all 
purposes  for  which  such  a  method  should  be  used. 

36.  Problems.  A  systematic  method  of  setting  down  the 
solution  of  a  problem  simplifies  the  work.  Logarithms  should 
always  be  used,  and  all  the  work  should  be  so  set  down  that  a 
revision  of  the  work  to  find  a  supposed  error  may  be  readily 
done.  The  value  of  such  systematic  work  will  become  more 
apparent  as  the  problems  become  more  complicated.  The  two 
solutions  given  below  will  illustrate  such  work. 

a.  Given  a  3°  curve  beginning  at  Sta.  27  +  60  and  running 
to  Sta.  32  +  45.  Compute  the  ordinates  and  offsets  used  in 
locating  the  curve  by  tangential  offsets. 

6.  With  the  same  data  as  above,  compute  the  distances  to 
locate  the  curve  by  offsets  from  the  long  chord. 
.  A  Assume  that  in  Fig.  17  ab  is  measured  as  217.6  feet,  the 
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angle   a67  =  17®42',    and   the   angle   6aF=21®  14'.    Join   the 
tangents  by  a  4°  30'  curve.     Determine  bB  and  aA. 

d.  Assume  that  in  a  case  similar  to  Fig.  18  it  wan  noted 
that  a  distance  (As)  equal  to  12  feet  would  clear  the  building. 
Assume  that  4 -38°  20'  and  that  D=4°40'.  Required  the 
value  of  a  and  the  position  of  n.     Solution: 


vers  a=As-s-JK  As=*12 

R  (for  4°  40'  curve) 
a  =8°  or 


n6«=i2  sin  a 


na«171.27 


log  =  1.07918 

log =3. 08923 

log  versa =7. 98994 

log  sin  a » 9. 14445 

log  7^^3.08928 

log  «2. 23369 


e.  Assume  that  the  forward  tangent  of  a  3°  20'  curve  having 
a  central  angle  of  16°  50'  must  be  moved  3.62  feet  inward j  with- 
out altering  the  P.C.     Required  the  change  in  radius. 

/.  Given  two  tangents  making  an  angle  of  36°  18'.  It  is 
required  to  pass  a  curve  through  a  point  93.2  feet  from  the 
vertex,  the  line  from  the  vertex  to  the  point  making  an  angle 
of  42°  21'  with  the  tangent.  Required  the  radius  and  tangent 
distance.     Solution:  Applying  Eq.  18,  we  have 

2  log=  0.30103 

/?-42°21'  logsin=  9.82844 

iJ  =  18°09'  log  sin  =  9.49346 

(J J  j^})  =60°  30'  log  cos  =  9.69234 

.20667  9.31527 

log  sin'  ^ = 9 .  65688 _:i5382 

2|9.81987 66049 

9.90993 T8T271 

^  nat.  sin  60°  30'. . . .    .8703  

1.6830 log=~7r226l() 

7P=93.2 log=   1.96041 

2.19551 
log  sin  i  J  =  9.49346 

Tang,  dist.  yl7==503.36 log=  2.70205 

log  cot  ii  =  10. 48437 

12  =  1536.1 Ao^-  ^A^^^ 

i>«3°44' 
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COMPOUND   CURVES. 

37.  Nature  and  use.  Compound  curves  are  formed  by  a 
succession  of  two  or  more  simple  curves  of  different  curvature. 
The  curves  must  have  a  common  tangent  at  the  point  of  com- 
pound curvature  (P.C.C.).  In  mountainous  regions  there  is 
frequently  a  necessity  for  compound  curves  having  several 
changes  of  curvature.  Such  curves  may  be  located  separately 
as  a  succession  of  simple  curves,  but  a  combination  of  two 
simple  curves  has  special  properties  w^hich  are  worth  investigat- 
ing and  utilizing.  In  the  following  demonstrations  R2  always 
represents  the  longer  radius  and  /?i  the  shorter,  no  matter  which 
succeeds  the  other.  Ti  is  the  tangent  adjacent  to  the  curve  of 
shorter  radius  (Ri),  and  is  invariably  the  shorter  tangent.  Jj  is 
the  central  angle  of  the  curve  of  radius  lii,  but  it  may  be  greater 
or  less  than  J2 

38.  Mutual  relations  of  the  parts  of  a  compound  curve  having 
two  branches.     In  Fig.  25,  AC  and  CB  are  the  two  branches  of 


Fig.  26. 


the  compound  curve  having  radii  of  R^  and  R2  and  central  angles 
of  Ji  and  ^2-  Produce  the  arc  AC  to  n  so  that  AOin  =  J.  The 
chord  Cn  produced  must  intersect  B.  The  line  ns,  parallel  to 
^O^,  w)]]  intersect  BO^  so  that  /i.9  =  .m=OA  =  '?2-^i-  I>raw 
^//g  perpendicular  to  OjTI      It  will  be  para\le\  to  h,fe. 
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Br=sn  vers  Bsn        =  (7?2 — /^i)  vers  J^ ; 
mn=AOi  veis  AO,n  =/?i  vers  J; 
Ak=AV  sin  AVk      =T^  sin  J ; 
Ak  =hm  =mn  +  nh=mn  +  Br. 
.-.  Ti  sin  J  =/?!  vers  J  +  (R^-Ri)  vers  J3.      .     .     (20) 
Similarly  it  may  be  shown  that 

T2  sin  J  =7^2  vers  i  -(/?2 -/?i)  vers  J,.       .     .     (21) 

The  mutual  relations  of  the  elements  of  compound  curves 
may  be  solved  by  these  two  equations.  For  example,  assume 
the  tangents  as  fixed  (J  therefore  known)  and  that  a  curve  of 
given  radius  Ri  shall  start  from  a  given  point  at  a  distance  T^ 
from  the  vertex,  and  that  the  curve  shall  continue  through  a 
given  angle  Ji.  Required  the  other  parts  of  the  curve.  From 
Eq.  20  we  have 

Ti  sin  A  —  R^  vers  A 


R2 — /?!  =  ■ 


vers  J, 


.-../?, =i?,+^>--"^-^q^ (22) 

ver8(J  — Jj)  ^     ^ 

T2  may  then  be  obtained  from  Eq.  21. 

As  another  problem,  given  the  location  of  the  two  tangents, 
with  the  two  tangent  distances  (thereby  locating  the  PC  and 
PT)f  and  the  central  angle  of  each  curve;  required  the  two 
radii.     Solving  Eq.  20  for  R^,  we  have 

„      Ti  sin  J  — /?2  vers  J 2 

Hi  = -: z — . 

vers  J  —  vers  Jj 

Similarly  from  Eq.  21  we  may  derive 

^      T2  sin  J  —  i?2(vers  J  —  vers  J{) 
vers  J I 

Equating  these,  reducing,  and  solving  for  R2,  we  have 

__         Ti  sin  J  vers  A1  —  T2  sin  J  (vers  J  — vers  J2) 

* ~~  vers  J2  vers  J^  —  (vers  J  —  vers  Ji)(vers  J  —vers  J2)  * 

Although  the  various  elements  may  be  chosen  as  above  with 

considerable  freedom,  there  are  limitations.     For  example,  in 

Eq.  22,  since  R2  is  always  greater   than   R^,  the   term   to   be 

added  to  Ri  must  be  essentially  positive — i.e.,  Ti  sin  J  must  be 

greater  than  R^  vers  J.    This  means  that  T{>R^-.^—j^  o^  \>a»X. 
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Ti>/?itaniJ,  or  that  Ti  is  greater  than  the  corresponding 
tangent  on  a  simple  curve.  Similarly  it  may  be  shown  that  T, 
is  less  than  R2  tan  J  J  or  less  than  the  corresponding  tangent 
on  a  simple  curve.  Nevertheless  Tj  is  always  greater  than  Tj. 
In  the  limiting  case  when  7^2= A>  ^2  =  ^1?  ^^^  ^a^-^i- 

39.  Modifications  of  location.  Some  of  these  modifications 
may  be  solved  by  the  methods  used  for  simple  curves.  For 
example : 

a.  It  is  desired  to  move  the  tangent  VB,  Fig.  20,  parallel  to 
itself  to  V*B\  Run  a  new  curve  from  the  P.C.C.  which  shall 
reach  the  new  tangent  at  B',  where  the  chord  of  the  old  curve 


Ja  V 


Fig.  26. 


Fia.  27. 


intersects  the  new  tangent.     The  solution  is  almost  identical 
with  that  in  §  33,  a. 

b.  Assume  that  it  is  desired  to  change  the  forward  tangent 
(as  above)  but  to  retain  the  same  radius.     In  Fig.  27 

(R2—R1)  cos  J2    =^2^  J 

(R2-R1)  cos  J2'  =0/71'. 

x=02n-02'n'     =(7^2-^i)(cos  Ja-cos  J,'). 


cos  i2'=cos  ^2  —  -! 


J.      p (24) 

The  P.C.C.  is  moved  backward  along  the  sharper  curve  an 
angular  distance  of  A2  —A2  =  ^x  —  A^. 

In  ease  the  tangent  is  moved  inward  rather  than  outward, 
the  solution  will  apply  by  transposing  A2  and  A^,  Then  we 
shall  have 

cos^/=cos  J2+D — i7 (25) 
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The  P.C.C.  is  then  moved  forward, 

c.  Assume  the  same  case  as  (b)  except  that  the  larger  radius 
comes  first  and  that  the  tangent  adjacent  to  the  smaller  radius 
is  moved.     In  Fig.  28 

(Ri^Ri)  cos  ^1  =Oin; 
(i^j-l^i)  cos  J/ =0/n'. 

x=Oi'n'-0{ii 
f=(7^— /?i)(cos  J/— cos  Jj). 


cos  ^/=cos  Ji  + 


R^—RC 


(26) 


The  P.C.C.  is  moved  forward 
along  the  easier  curve  an  angular 
distance  of  Ai—A^  =  A2  —  ^2*  Fio.  28. 

In  case  the  tangent  is  moved  inward^  transpose  as  before  and 
we  have 


cos  J/=cos  ^1— j 


(27) 


Ri — Ri 
The  P,C.C,  is  moved  backward. 

d.  Assume  that  the  radius  of  one  curve  is  to  be  altered  with- 
out changing  either  tangent.     Assume  conditions  as  in  Fig.  29. 

For  the  diagrammatic  solution 
assume  that  i?2  is  to  be  increased 
by  O2S.  Then,  since  /?2'  must 
pass  through  O,  and  extend  be- 
yond Oj  a  distance  O^S,  the 
locus  of  the  new  center  must  lie 
on  the  arc  drawn  about  0^  as 
center  and  with  OS  as  radius. 
The  locus  of  O2'  is  also  given 
by  a  line  Oj'p  parallel  to  BV 
and  at  a  distance  of  i?2'  (equal 
to  S  .,  .  P.C.C.)  from  it.  The 
new  center  is  therefore  at  the 
intersection  Oj'.  An  arc  with  ra- 
dius R2'  will  therefore  be  tangent 
at  /?'  and  tai\^ex\V  Vo  \\\^  ^^ 
Draw  0{n'  per!p^i\OL\cvi\«Lt  \o  O^p. 


Fig.  29. 
CWYB  produced  at  new  P.C.C, 
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With  O2  as  center  draw  the  arc  Oiin,  and  with  Oj'  as  center  draw 
the  arc  O^m^     mB=m'R'  =Ri. 

,\  ww=m'n'=(/?2'— i?i)    vers  J2' =(^2—^1)  vers  ^2- 

.-.  ver8J/  =  ^'g?-;^^|j  vers  J,.  .     :    .     ..  (28) 

OjU  =  (R2 — Ri)  sin  J2 ; 
Oin'=(i?2'-/^i)sin  J2'. 
BB'=0y-0in=^(R2'-Ri)  sin  A^'-i^i-^x)  sin  Jz-       (29, 

Thi?  problem  may  bo  further  modified  by  assuming  that  the 
radius  of  the  curve  is  decreased  rather  than  increased,  or  that 
the  smaller  radius  follows  the  larger.  The  solution  is  similar 
and  is  suggested  as  a  profitable  exercise. 

It  might  also  be  assumed  that,  instead  of  making  a  given 
change  in  the  radius  R2,  a  given  change  BB'  is  to  be  made.  A2 
and  R2  are  required.  Eliminate  R2  from  Eqs.  28  and  29 
and  solve  the  resulting  equation  for  Jj'-  Then  determine  R^ 
by  a  suitable  inversion  of  either  Eq.  28  or  29. 

As  in  §§  32  and  33,  the  above  problems  are  but  a  few,  although 
perhaps  the  most  common,  of  the  problems  the  engineer  may 
meet  with  in  compound  curves.  AH  of  the  ordinary  problems 
may  be  solved  by  these  and  similar  methods. 

40.  Problems,  a.  Assume  that  the  two  tangents  of  a  com- 
pound curve  are  to  be  348  feet  and  624  feet,  and  that  A^  =22°  16' 
and  J2  =28°  20'.     Required  the  radii. 

[.4ns.  7^1=326.92;  722  =  1574.85.] 

h.  A  line  crosses  a  valley  by  a  compound  curve  which  is  first 
a  6°  curve  for  46°  30'  and  then  a  9°  30'  curve  for  84°  16'.  It  is 
afterward  decided  that  the  last  tangent  should  be  6  feet  farther 
up  the  hill.  What  are  the  required  changes?  [Note.  The 
second  tangent  is  evidently  moved  outward.  The  solution  cor- 
responds to  that  in  the  first  part  of  §  39,  c.  The  P.C.C.  is 
moved  forward  16.39  feet.  If  it  is  desired  to  know  how  far  the 
P.T.  is  moved  in  the  direction  of  the  tangent  (i.e.,  the  projection 
of  BB\  Fig.  28,  on  VB'),  it  may  be  found  by  observing  that  it 
is  equal  to  nn'  =(/?2  — 7?i)(sin  J^  —sin  J/).  In  this  case  it  equals 
0.65  foot,  which  is  very  small  because  J^  is  nearly  90°.  The 
value  of  i^  (46°  30')  is  not  used,  since  the  solution  is  independent 
0/  the   value  of  Jg,      The  student  should  learn  to  recognize 
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which  quantities  are  mutually  related  and  therefore  essential 
to  a  solution,  and  which  are  independent  and  non-essential.J 


TRANSITION    CURVES. 

41.  Superelevation  of  the  outer  rail  on  curves.  When  a  mass 
is  moved  in  a  circular  path  it  requires  a  centripetal  force  to  keep 
it  moving  in'that  path.  By  the  principles  of  mechanics  we 
know  that  this  force  equals  Gv^-i-gR,  in  which  G  is  the  weight, 
V  the  velocity  in  feet  per  second,  g  the  acceleration  of  gravity  in 
feet  p)er  second  in  a  second,  and  R  the  radius  of  curvature. 
If  the  two  rails  of  a  curved  track  were  laid  on  a  level  (trans- 
versely), this  centripetal  force  could  only  be  furnished  by  the 
pressure  of  the  wheel-flanges  against  the  rails^  As  this  is  very 
objectionable,  the  outer  rail  is  elevated  so  that  the  reaction  of 
the  rails  against  the  wheels  shall 
contain  a  horizontal  component 
equal  to  the  required  centripetal 
force.  In  Fig.  30,  if  oh  represents 
the  reaction,  oc  will  represent  the 
weight  G,  and  ao  will  represent  the 
required  centripetal  force.  From 
similar  triangles  we  may  write 
sn  :  sm  ::  ao  :  oc.  Call  g  =  32.17. 
Call  72=5730-^2),  which  is  suffi- 
ciently accurate  for  this  purpose  (see 
§  19).  Call  v=5280T''--3600,  in  which  T'  is  the  velocity  in  miles 
per  hour,  mn  is  the  distance  between  rail  centers,  which,  for 
an  80-lb.  rail  and  standard  gauge,  is  4.916  feet  sm  is  slightly 
less  than  this.  As  an  average  value  we  may  call  it  4.900,  which 
is  its  exact  value  when  the  superelevation  is  4J  inches.  Calling 
871  =e,  we  have 


FiQ.  30. 


ao      ,  -_ , 
=sm—  =4.9-  ^  ^,- 
oc  gR  G 


32.17X3600^X5730* 


e  =  . 0000572  F22) (30) 

It  should  be  noticed  that,  according  to  this  formula,  tho  re- 
quired superelevation  varies  as  the  square  of  the  velocity,  which 
means  that  a  change  of  velocity  of  only  10%  would  call  for  a 
change  of  superelevation  of  21%.     Since  the  veXocWvo^  ^.A  Vxi^wx^. 
OV?r  imy  r(md  fire  extremely  variable,  it  is  u\\^o^s,\\Avi  \o  \}^o^X^ 
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any  superelevation  which  will  fit  all  velocities  even  approx- 
imately. The  above  fact  also  shows  why  any  over-iefinement 
in  the  calculations  is  useless  and  why  the  above  approximations, 
which  are  really  small,  are  amply  justifiable.  For  example,  the 
above  formula  contains  the  approximation  that  R=57S0-i-D, 
In  the  extreme  case  of  a  10°  curve  the  error  involved  would  be 
about  1%.  A  change  of  about  J  of  1%  in  the  velocity,  or  say 
from  40  to  40.2  miles  per  hour,  would  mean  as  much.  The  error 
in  e  due  to  the  assumed  constant  value  of  sm  is  never  more  than 
a  very  small  fraction  of  1%.  The  rail-laying  is  not  done  closer 
than  this.    The  following  tabular  form  is  based  on  Eq.  (30): 


SUPERELEVATION   OP  THE    OUTER   RAIL   (iN   FEET)   FOR   VARIOUS 
VELOCITIES  AND   DEGREES   OF  CURVATURE. 


Velocity  in 
Miles  per 

Degree  of  Curve. 

Hour. 

l** 

2° 

3° 

4« 

5° 

6° 

70 

S'* 

9" 

10* 

30 
40 
60 
60 

.05 
.09 
.14 

.20 

.10 
.18 
.29 
.41 

.15 
.27 
.43 

.20 
.37 

.82 

.26 

.31 

nr 

.86 

.36 

.41 

.46 

1.61 

42.  Practical  rules  for  superelevation.  A  much  used  rule  for 
superelevation  is  to  "  elevate  one  half  an  inch  for  each  degree  of 
curvature."  The  rule  is  rational  in  that  e  in  Eq.  30  varies 
directly  as  D.  The  above  rule  therefore  agrees  with  Eq.  30 
when  V  is  about  27  miles  per  hour.  However  applicable  the 
rule  may  have  been  in  the  days  of  low  velocities,  the  elevation 
thus  computed  is  too  stnall  now.  The  rule  to  elevate  one  inch 
for  each  degree  of  curvature  is  also  used  and  is  precisely  similar 
in  its  nature  to  the  above  rule.  It  agrees  with  Eq.  30  when 
the  velocity  is  about  38  miles  per  hour,  which  is  more  nearly 
the  average  speed  of  trains. 

Another  (and  better)  rule  is  to  "  elevate  for  the  speed  of  the 
fastest  trains."  This  rule  is  further  justified  by  the  fact  that  a 
four-wheeled  truck,  having  two  parallel  axles,  will  always  tend 
to  run  to  the  outer  rail  and  will  require  considerable  flange  pres- 
sure to  guide  it  along  the  curve.  The  effect  of  an  excess  of  super- 
clevation  on  the  slower  trains  will  only  be  to  relieve  this  flange 
pressure  somewhat.     This  rule  is  coupled  -with  the  limitation 


§  42.  AI4GNMENT.  45 

that  the  elevation  should  never  exceed  a  limit  of  six  inches — 
sometimes  eight  inches.  This  hmitation  implies  that  locomo- 
tive engineers  must  reduce  the  speed  of  fast  trains  around  sharp 
curves  until  the  speed  does  not  exceed  that  for  which  the  actual 
superelevation  used  is  suitable.  The  heavy  line  in  the  tabular 
form  (§  41)  shows  the  six-inch  lin^itation. 

Some  roads  furnish  their  track  foremen  with  a  list  of  the  super-f 
elevations  to  be  used  on  each  curve  in  their  sections.  This 
method  haa  the  advantage  that  each  location  may  be  separately 
studied,  and  the  proper  velocity,  ivs  affected  by  local  conditions 
(e.g,,  proximity  to  a  stopping-place  for  all  trains),  may  be  de- 
termined and  applied. 

Another  method  is  to  allow  the  foremen  to  determine  the 
superelevation  for  each  curve  by  a  simple  measurement  taken 
at  the  curve.  The  rule  is  developed  ap  follows:  By  an  inversion 
of  Eq.  19  we  have 

x=ch<yrd^-^SU (31) 

Putting  X  equal  to  e  in  Eq.  30  and  solving  for  "chord/*  we 
have 

chord  2  =  .0000572  F^DFJ? 

=2.621  y^ 

chord  =  1. 62V (32) 

To  apply  the  rule,  assume  that  50  miles  per  hour  is  fixed  as 
the  velocity  from  which  the  superelevation  is  to  be  computed. 
Then  1.627  =  1.62X50=81  feet,  which  is  the  distance  given  to 
the  trackmen.  Stretch  a  tape  (or  even  a  string)  with  a  length 
of  81  feet  between  two  points  on  the  inside  head  of  the  outer  rail 
of  the  outer  head  of  the  inner  rail.  The  ordinate  at  the  middle 
point  then  equals  the  superelevation.  The  values  of  this  chord 
length  for  varying  velocities  are  given  in  the  accompanying 
tabular  form. 


Velocity  in  miles  per  hour. . . 
Chord  length  in  feet 


20 
32.4 


25 
40.6 


30 
48.6 


35 
56.7 


40 
64.8 


45 
72.9 


50 
81.0 


55 


60 
07.2 


The  following  tabular  form  shows  the  standard  (at  one  time) 
on  the  N.  Y,,  N.  H,  &  H.  R.  R.     It  should  be  noted  that  the 
elevations  do  not  increase  proportionately  with  tVve  T^\\\"a,  «uw^ 
that  tlv^y  are  higher  for  descending  grades  t\vaiv  lax  \cnA  ok 
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ascending  grades.  This  is  on  the  basis  that  the  velocity  on  curves 
and  on  ascending  grades  will  be  less  than  on  descending  grades. 
For  example,  the  superelevation  for  a  0°  30'  curve  on  a  de- 
scending grade  corresponds  to  a  velocity  of  about  54  miles  per 
hour,  while  for  a  4°  curve  on  a  level  or  ascending  grade  the  super- 
elevation corresponds  to  a  velocity  of  only  about  38  miles  per 
hour. 


TABLE  OF  THE  SUPERELEVATION  OP  THE  OUTER  RAIL  ON  CURVES. 

N.  Y.,  N.  H.  &  H.  R.  R. 


Degrefe  of 

Level  or  as- 

Descending 

curve. 

cendiiiK  grade. 

grade. 

inches. 

inches. 

0°  30' 

Of 

1 

1     00 

1* 
If 

u 

1     15 

2 

1     30 

2 

2i 

2i 

1     45 

2i 

2     00 

2| 

2i 

2     15 

2f 

3 

2     30 

2| 

3t 

2     45 

3 

31 
3f 

3     00 

3i 

3     15 

31 

31 

3     30 

34 

4 

3     45 

3i 

4i 

4     00 

4 

4* 

43.  Transition  from  level  to  inclined  track.  On  curves  the  . 
track  is  inclined  transversely ;  on  tangents  it  is  level.  The  tran- 
sition from  one  condition  to  the  other  must  be  made  gradually. 
If  there  is  no  transition  curve,  there  must  be  either  inclined 
track  on  the  tangent  or  insufficiently  inclined  track  on  the  curve 
or  both.  Sometimes  the  full  superelevation  is  continued  through 
the  total  length  of  the  curve  and  the  "run-off"  (having  a  length 
of  100  to  400  feet)  is  located  entirely  on  the  tangents  at  each 
end.  In  other  practice  it  is  located  partly  on  the  tangent  and 
partly  on  the  curve.  Whatever  the  method,  the  superelevation 
is  correct  at  only  one  point  of  the  nm-off.  At  all  other  points 
it  is  too  great  or  too  small.  This  (and  other  causes)  produces 
objectionable  lurches  and  resistances  when  entering  and  leav- 
ing curves.  The  object  of  transition  curves  is  to  obviate  these 
resistances. 

On  the  lichigh  Valley  R.  R.  the  run-off  is  made  in  the  form 

ol  a  reversed  vertical  curve,  as  shown  in  the  accompanying 

figure.     According  to  this  system  the  length  of  run-off  varieq 
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from  120  feet,  for  a  superelevation  of  one  inch,  to  450  feet, 
for  a  superelevation  of  ten  inches.  Such  a  superelevation 
as  ten  inches  is  very  unusual  practice,  but  is  successfully 
operated  on  that  road.  The  curve  is  concave  upward  for  two- 
thirds  of  its  length  and.  then  reverses  so  that  it  is  convex  upward. 

TABLE  FOR  RUN-OFF  OF  ELEVATION  OF  OUTER  RAIL  OF  CURVES. 
Drop  in  inches  for  each  30-foot  rail  commencing  at  theoretical  point  of  curve. 


ii 

t' 

y 

r 

r 

r 

r 

r 

r 

IV 

!r 

ir 

r 

V 

r 

r 

V 

r 

r 

1 

^il" 

3 

tq*- 

H 

r 

:in 

m 

,. 

3D 

30 

120 

2' 

af> 

m 

30 

30 

3{l 

1M1 

.r 

30 

m 

., 

m 

riu 

m 

ari 

tso 

4* 

3U 

30 

30 

30 

ml^n 

30 

30 

240 

5' 

m\ 

30 

30 

m 

30 

30  30 

30 

30 

S70 

fi' 

3« 

30 

30 

30 

30 

30 

3^^130 

30 

30 

,^0O 

7' 

30 

m 

30 

30 

30 

30 

30 

3ftL. 

30 

30 

30 

330 

R" 

30 

m 

3() 

30 

30 

30 

30 

30 

30.. 

rt<i 

30 

30 

360 

ft* 

30 

m 

m 

r*n 

30 

30 

'M\ 

30 

30 

mhrt 

30 

30 

30 

420 

10' 

m 

" 

30 

" 

30 

„. 

:m 

30 

30 

30 

30 

30 

30 

3t)[30 

30 

30 

30 

450 

The  figure  (and  also  the  lower  line  of  the  tabulated  form) 
shows  the  drop  for  each  thirty-foot  rail  length.  For  shorter 
lengths  of  run-off,  the  drop  for  each  30  feet  is  shown  by  the  cor- 
responding lines  in  the  tabular  form.  Note  in  each  horizontal 
line  that  the  sum  of  the  drops,  under  which  30  is  found,  equals 
the  total  superelevation  as  found  in  the  first  column.  For 
example,  for  4  inches  superelevation,  length  of  curve  240  feet, 
the  succeasive  drops  are  i",  i'',  I",  ¥\  f",  i",  i",  and  i" 
whose  sum  is  4  inches.  Possibly  the  more  convenient  form 
would  be  to  indicate  for  each  30-foot  point  the  actual  super- 
elevation of  the  outer  rail,  which  would  be  for  the  above  case 
(running  from  the  tangent  to  the  curve)  J",  f",  J",  IV',  *2.V , 

44,  Fundamental  principle  of  transitioii  curves.    ^  a.  cvsr^^ 
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has  variable  curvature,  beginning  at  the  tangent  with  a  curve 
of  infinite  radius,  and  the  curvature  gradually  sharpens  until  it 
equals  the  curvature  of  the  required  simple  curve  and  there 
becomes  tangent  to  it,  the  superelevation  of  such  a  transition 
curve  may  begin  at  zero  at  the  tangent,  gradually  increase  to 
the  required  superelevation  for  the  simple  curve,  and  yet  have 
at  every  point  the  superelevation  required  by  the  curvature  at 
that  point.  Since  in  Eq.  (30)  e  is  directly  proportional  to  D, 
the  required  curve  must  be  one  in  which  the  degree  of  curve 
increases  directly  as  the  distance  along  the  curve.  The  mathe- 
matical development  of  such  a  curve  is  quite  complicated.  It 
has,  however,  been  developed,  and  tables  have  been  computed  for 
its  use,  by  Prof.  C.  L.  Crandall.  The  following  method  has  the 
advantage  of  great  simplicity,  while  its  agreement  with  the  true 
transition  curve  is  as  close  as  need  be,  as  will  be  shown. 

45.  Multiform  compound  curves.  If  the  transition  curve  com- 
mences with  a  very  flat  curve  and  at  regular  even  chord  lengt^hs 
compounds  into  a  curve  of  sharper  curvature  until  the  desired 
curvature  is  reached,  the  increase  in  curvature  at  each  chord 
point  being  uniform,  it  is  plain  that  such  a  curve  is  a  close  ap- 
proximation to  the  true  spiral,  especially  since  the  rails  as  laid 
will  gradually  change  their  curvature  rather  than  maintain  a 
uniform  curvature  throughout  each  chord  length  and  then 
abruptly  change  the  curvature  at  the  chord  points.  Such  a 
curve,  a»  actually  laid,  will  be  a  much  closer  approximation 
to  the  true  curve  than  the  multiform  compound  curve  by  which 
it  is  set  out.  There  will  actually  be  a  gradual  increase  in  curva- 
ture which  increases  directly  as  the  length  of  the  curve. 

46.  Required  length  of  spiral.  The  required  length  of  spiral 
evidently  depends  on  the  amount  of  superelevation  to  be  gained, 
and  also  depends  somewhat  on  the  speed.  If  the  spiral  is  laid 
off  in  25-foot  chord  lengths,  with  the  first  chord  subtending  a  1° 
curve,  the  second  a  2°  curve,  etc.,  the  fifth  chord  will  subtend 
a  5®  curve,  and  the  increase  from  this  last  chord  to  a  6°  curve 
is  the  same  as  the  uniform  increase  of  curvature  between  the 
chords.  The  same  spiral  extended  would  run  on  to  a  12°  cui*ve 
in  (12  —  1)25=275  feet.  The  last  chord  of  a  spiral  should  have 
a  smaller  degree  of  curvature  than  the  simple  curve  to  which  it 
is  joined.  If  the  curves  are  very  sharp,  such  as  aie  used  in  street 
work  and  even  in  suburban  trolley  work,  an  increase  in  degree 

of  curvature  of  1°  per  25  feet  wiU  not  be  sufficiently  rapid,  as 
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such  a  rate  would  require  too  long  curves.  2®,  10°,  or  even  20° 
increase  per  25  feet  may  be  necessary,  but  then  the  chords 
should  be  reduced  to  5  feet.  Such 
a  rapid  rate  of  increase  is  justified 
by  the  necessary  reduction  in 
speed.  On  the  other  hand,  very 
high  speed  will  make  a  lower  rate 
of  increase  desirable,  and  there- 
fore a  spiral  whose  degree  of  cur- 
vature increases  only  0°  30'  per  25 
feet  may  be  used.  Such  a  spiral 
would  require  a  length  of  375  feet 
to  run  on  to  an  8°  curve,  which  is 
inconveniently  long,  but  it  might 
be  used  to  run  on  to  a  4°  curve, 
where  its  length  would  be  only  175 
feet.  Three  spirals  have  been  de- 
veloped in  Table  IV,  each  with 
chords  of  25  feet,  the  rate  of  in- 
crease in  the  degree  of  curvature 
being  0°  30',  1°  and  2°  per  chord. 
One  of  these  will  be  suitable  for 
any  curvature  found  on  ordinary 
steam-railroads. 

47.  To  find  the  ordinates  of  a 
i°-per-25-feet  spiral.      Since   the  ^^°-  ^L 

first  chord  subtends  a  1°  curve,  its  central  angle  is  0°  15'  and  the 
angle  aQV  (Fig.  31)  is  7'  30".  The  tangent  at  a  makes  an 
angle  of  15'  with  VQ.  The  angle  between  the  chord  ba  and  the 
tangent  at  a  is  i(30')=15',  and  the  angle  6a?/' «  i(30')  + 15' 
=30'.     Similarly 

the  angle  cbc"'  =  J(45')  +  30'  + 15'  =  67'  30"  - 1°  07'  30", 
and  the  angle  dcd''  =2°  0'. 

The  ordinate  aa'  =25  sin  7'  30",  and 
Qa'=25cos7'30". 
Q6'=Qa'+a'6' 

=25  (cos  7'30"4-cos  30'). 
66'=6'6"  +  66" 

=25  (sin  7' 30"  + sin  30'). 
Similarly  the  ordinates  of  c,  d,  etc.,  may  be  obtam^^. 
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48.  To  find  the  deflections  from  any  point  of  the  spiraL 
aQF=7'30".  Tsm  bQV  =bh' ^  Qb' ;  tan  ,cQ 7= cc'-^Qc';  etc. 
Thus  we  are  enabled  to  find  the  deflection  angles  from  the  tan- 
gent at  Q  to  any  point  of  the  spiral. 

The  tangent  to  the  curve  at  c  (Fig.  32)  makes  an  angle  of 


Fig.  32. 
1°30'    with    QV,    or    cmF  =  l°30'.     Qcm=cmV-cQm.    The 
value  of  cQm  is  known  from  previous  work.     The  deflection 
from  c  to  0  then  becomes  known. 

acm=cmV—cap=cmV—C(iq—qap.  caq  is  the  deflection  an- 
gle to  c  from  the  tangent  at  a  and  wiU  have  been  previously 
computed  numerically,  gap  =  15\  acm  therefore  becomes 
known. 

6cm  =  iof45'=22'30"; 

<3fc»  =  iof60'=30'. 
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ecn^ecdf-ncd",  ncd'\^cmV,   tan   ecd'*  ^{ee' -d"dr)-^ee' ,  all 
of  which  are  known  from  the  previous  work. 

By  this  method  the  deflections  from  the  tangent  at  any  point 


Fig.  33. 

of  the  curve  to  any  other  point  are  determinable.  These  values 
are  compiled  in  Table  IV  The  corresponding  values  of  these 
angles  when  the  increase  in  the  degree  of  curvature  per  chord 
length  is  30',  and  when  it  is  2°,  are  also  given  in  Table  IV. 

49.  Connection  of  spiral  with  circular  curve  and  with  tangent. 
See  Fig.  33.*     Let  A  V  and  Z^K  be  the  tangents  to  be  connected 


♦  The  student  should  at  once  appreciate  the  fact  of  the  nee^asax'^  ^\%\5st- 
tion  of  the  figure.   The  distance  MM'  ju  Fig.  3'^  \a  per\\apa  \QQ  \;v»ftft\\^x^^ 
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by  a.  D°  curve,  having  a  suitable  apiral  at  each  end.  If  no 
spirals  were  to  be  used,  the  problem  would  be  solved  as  in  sin>ple 
curves  giving  the  curve  A  MB  Introducing  the  spiral  has  the 
effect  of  throwing  the  curve  away  from  the  vertex  a  distance 
MM^  and  reducing  the  central  angle  of  the  D°  curve  by  2^. 
Continuing  the  curve  beyond  Z  and  Z'  to  .4'  and  /?',  we  will 
have  AA^  =  B1V  =  MM'.  Z/C  =  the  x  ordinate  and  is  therefore 
known.     Call  MM' =m.     A'iV=x— 7^  vers  0.     Then 


=AfM'=AA'=^=^:i^^. (33) 

cos  J  J         COS  \a 


NA  =AA'  sin  \d^{x  —  R  vers  <}>)  tan  J  J. 

vq=^qk-k:^^na-¥AV 

=y~R  sin  ^-l-(x  — 72  vers  <^)  tan  JJ  +  7?tan  J  J 

=?/—/?  sin  ^+a:  tan  §  J +  /^  cos  0  tan  i  J (34) 

When  A'iV  has  already  been  computed,  it  may  be  more  con- 
venient to  write 


VQ=y-{  R  {inn  i J -s\n<j))+A'N  tan  iJ (35) 

„  .  .  ,       X  R  vers  cj) 

»=i?exseciJH =-7 t-j- (36) 

^       cos  i  J       cos  i  J 


AQ=VQ-AV 

=2/  — i2  sin  ^+ (a;— 72  vers  ^)  tan  i  J (37) 

Example.  To  join  two  tangents  making  an  angle  of  34®  20' 
by  a  5°  40'  curve  and  suitable  spirals.  Use  l°-per-25-feet  spirals 
wUh  five  chords.  Then  ^=3*^45',  x  =2.999,  y  =  17°l(y,  and 
^->  124.942. 
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[Eq.83j 


2.166 

x^  2.999 

A'N^  0,833 

m'^MM'^AA'     «  0.872 


R 
vera  ^ 


[Eq.36] 


[Eq.35] 


oos^J 

exsec  J  J 


yM=47.164 

m=  0.872 

yjlf'  =  48.036 


y  =  124. 942 


nat.  tan  1 J  =.30891 
nat.  sin    ^=.06540 
.24351 
R 


246.314 


tSee  above] 


[Eq.  37] 


0.257 
yQ«371.513 


312  471 


A'N 
tan  \A 

AN 

R 
.tan  \d 
AV 


3. .00497 
7.33063 

o.3a5e»d 


9.92064 
9.98021 
^4043 

3.00497 
8.6686"^ 
1.67360 


9.38651 
3  00497 
2.39148 

9.92064 
9.48984 
9.41048 

3.00497 
9.48984 
2.49481 


AQ=   59.042 

50.  Field-woric.  When  the  spiral  is  designed  during  the 
original  location,  the  tangent  distance  VQ  should  be  computed 
and  the  point  Ki  located.  It  is  hardl}'  necessary  to  locate  all  of 
the  j>oints  of  the  spiral  until  the  track  is  to  be  laid.  The  ex- 
tremities should  be  located,  and  as  there  will  usually  be  one 
and  perhaps  Iwo  full  station  points  on  the  spiral,  these  should 
also  be  located.  Z  may  be  located  by  setting  off  QK=y  and 
KZ^x,  or  else  by  the  tabular  deflection  for  Z  from  Q  and  the 
distance  ZQ,  which  is  the  long  chord.  Setting  up  the  instrument 
at  Z  And  sighting  back  at  Q  with  the  proper  deflection,  the  tan- 
gent at  Z  may  be  found  and  the  circular  curve  located  as  usual, 
its  central  angle  being  J— 20.  A  similar  operation  will  locate 
Q'  from  Z\ 

To  locate  points  on  the  spiral.    Set  up  at  Q,  V\Oa.  \}a.';i  ^^X*^*^ 
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reading  0*^  when  the  telescope  sights  along  VQ,  Set  off  from 
Q  the  deflections  given  in  Table  IV  for  the  instrument  at  Q, 
using  a  chord  length  of  25  feet,  the  process  being  like  the  method 
for  simple  curves  except  that  the  deflections  are  irregular.  If 
a  full  station-point  occurs  within  the  spiral,  interpolate  between 
the  deflections  for  the  adjacent  spiral-points.  For  example, 
a  spiral  begins  at  Sta.  56  +  15.  Sta.  57  comes  10  feet  beyond 
the  third  spiral  point.  The  deflection  for  the  third  point  is 
35' 0";  for  the  fourth  it  is  56'  15".  iJ  of  the  difference 
(21'  15")  is  8'  30";  the  deflection  for  Sta.  57  is  therefore  4.3'  30". 
This  method  is  not  theoretically  accurate,  but  the  error  is  small. 
Arriving  at  Z,  the  forward  alignment  may  be  obtained  by  sight- 
ing back  at  Q  (or  at  any  other  point)  with  the  given  deflection 
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for  that  point  from  the  station  occupied.  Then  when  the  plates 
read  0°  the  telescope  will  be  tangent  to  the  spiral  and  to  the 
succeeding  curve.  All  rear  points  should  be  checked  from  Z. 
If  Jt  is  necessary  to  occupy  an  intermediate  station,  use  the  de- 
jSections  given  for  that  station,  orienting  as  Just  explained  for  Z, 
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checking  the  back  points  and  locating  all  forward  points  up  to  Z 
if  possible. 

After  the  center  curve  has  been  located  and  7J  is  reached,  the 
other  spiral  must  be  located  but  in  reveme  order,  i.e.,  the  sharp 
cu.  vature  of  the  spiral  is  at  Z'  and  the  curvature  decreases 
toward  Q\ 

51.  To  replace  a  simple  curve  by  a  curve  with  spirals.  This 
may  be  done  by  the  method  of  §  49,  but  it  involves  shifting  the 
whole  track  a  distance  m,  which  in  the  given  example  equals 
0.87  foot.  Besides  this  the  track  is  appreciably  shortened, 
which  would  require  rail-cutting.  But  the  track  may  be  kept 
at  practically  the  same  length  and  the  lateral  deviation  from  the 
old  track  may  be  made  very  small  by  slightly  sharpening  the 
curvature  of  the  old  track,  moving  the  new  curve  so  that  it  is 
wholly  or  partially  outside  of  the  old  curve,  the  remaindei  of  it 
with  the  spirals  being  inside  of  the  old  curve.  It  is  found  by 
experience  that  a  decrease  in  radius  of  from  1%  to  5%  will 
answer  the  purpose.  The  larger  the  central  angle  the  less  the 
change.    The  solution  is  as  indicated  in  Fig.  34. 

0'N=R'  cos  i>-^x. 
0'7=0'iV  sec  }J 

=  ft'  cos  ^  sec  iJ-\-x  sec  i  J. 
m  =  MM'=-MV-M'V 

=  ftexsec§J-(0'F-K') 

^R  exsec  i J  —  ft'  cos  ^  sec  JJ  —x  sec  JJ  +  ft'.  .     ,     .     (38) 
AQ=QK-KN-\-NV-VA 

^y—W  sin  (f>  +  iR'  cos  ^  +  a;)  tan  iJ— ft  tan  Ji 

=2/-ft' sin  ^-f  ft'cos^tan  JJ-(ft— x)  tan  iJ.    .     .     (39) 


J 
The  length  of  the  old  curve  from  Q  to  Q'  =2.4  Q  + 100-. 

The  length  of  the  new  curve  from  Q  to  Q'=2L  +  100-^,    , 

in  which  L  is  the  length  of  each  spiral- 
Example.  Suppose  the  old  curve  is  a  7°  30'  curve  with  a 
central  angle  of  38°  40'.  As  a  trial,  compute  the  relative  length 
of  a  new  8®  curve  with  spirals  of  seven  chords,  ^  =  7°0'; 
4^-19*^20';  ft  (for  the  7°  30'  curve)  =764.489;  R'  CS^x  W«^ 
8*  curve) -716.779;  a: ^7.628, 
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[Eq.  38]                                                                           R  2.88337 

exsec  iJ  8.77642 

45.687     1.65979 

fi' -716^779  == 

762.466                                         B'  2.85535 

COS0  9.99675 

secii  0.02521 

763.953  2.87734 

X  0.88241 

seciJ  0.02521 

8.084 0.90762 

762.037    762.037  

m"  0.429 

[Eq.39]  y- 174.722  «'  2.8553§ 

sin?)  9.0858g 

87.353  1.94128 

22'  2.85535 

coR^  9.99675 

tan  i J  9.54512 

249.606    2.39725 

12  =  764.489 
q;-     7.628 

756:861         2.8790T 
tan  ii  9  !i4!>}2 

265.543  2.42413 

424.328         352.896 
352.896 
i4Q  =  71.432 

The  length  of  the  old  curve  from  Q  to  Q*  is 

100-^  =  100^-1^    - 615.556 

2i4Q  -2X.71.432  - 342.864 

658.420 
,««  ^-  20       ,^^38.667  -  14.000       „„„  „„„ 
New  curve:  100     ^  ^  -  100 ^ -  308.333 

21/  -  2  X  175  -=  350.000 

658.3.33       658.333 
Difference  in  length  —       0 .  087 

Considering  that  this  difference  may  be  divided  among  22 
joints  (using  30-foot  rails)  no  rail-cutting  would  be  necessary. 
If  the  difference  is  too  large,  a  slight  variation  in  the  value  of 
the  new  radius  72'  will  reduce  the  difference  as  much  as  neces- 
sary. A  truer  comparison  of  the  lengths  would  be  found  by 
comparing  the  lengths  of  the  arcs. 

52.  Application  of  transition  curves  to  compound  curves. 

Since  compound  curves  are  only  employed  when  the  location  is 

lijnhed  by  local  conditions,  the  elements  of  the  compound  curve 

M&ouJd  be  determined  (as  in  $&  38  and  39)  regardless  of  the 
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transition  curves,  depending  on  the  fact  that  the  lateral  shifting 
of  the  curve  when  transition  curves  are  introduced  is  very  small. 
If  the  limitations  are  very  close,  an  estimated  allowance  may  be 
made  for  them. 

Methods  have  been  devised  for  inserting  transition  curves 
between  the  branches  of  a  compound  curve^  but  the  device  is 
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eomplicated  and  usually  needless,  since  when  the  train  is  onoe 
on  a  curve  the  wheels  press  against  the  outer  rail  steadily  and 
a  change  in  curvature  will  not  produce  a  serious  jar  even  though 
the  superelevation  is  temporarily  a  little  more  or  leaa  tbAXk  >^ 
should  be. 
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If  the  easier  curve  of  the  compound  curve  is  less  than  3°  or 
4**,  there  may  be  no  need  for  a  transition  curve  off  from  that 
branch.  This  problem  then  has  two  cases  according  as  transition 
curves  are  used  at  both  ends  or  at  one  end  only. 

a.  With  transition  curves  at  both  ends.  Adopting  the  method 
of  §  49,  calling  Ji  =  iJ,  we  may  compute  m^  =MM^\  Similarly, 
calling  J2  =  i^>  we  may  compute  m2=MM2.  But  M/  and  M,' 
must  be  made  to  coincide.  This  may  be  done  by  moving  the 
curve  Z'Mi  and  its  transition  curve  parallel  to  Q'F  a  distance 
Af/Afs,  and  the  other  curve  parallel  to  QF  a  distance  ilfj'^s- 
In  the  triangle  ikf/MaMj',  the  angle  at  Af/=90°— J„  the  angle 
at  M2'=90°  —  J2f  and  the  angle  at  Mi  =  J, 


Then    M,'M,=M\'M,'^^^----^^K(rn,-rn,f':^,\  ' 
^      ^        ^      ^         sm  J  ^    ^        ^  sm  J 


Similarly  3/3  M3  =  M^M^ r-  -^-{m^—m^,   .  —j, 

sin  ii  sin  ix 


K40) 


b.  With  a  transition  curve  on  the  sharper  curve  only.  Com- 
pute mi=MM/  as  before;  then  move  the  curve  Z^M^  parallel 
to  Q^V  a  distance  of 

Jlf/M,=mi''^^  / (41) 

The  simple  curve  MA  is  moved  parallel  to  VA  a  distance  of 

MM,=mi^^-^-4 (42) 

sin  J  ^     ' 


If  ii  and  J2  are  both  small,  M^'M^  and  MM^  may  be  more 
than  m„  but  the  lateral  deviation  of  the  new  curve  from  the  old 
will  always  be  less  than  m^. 

53.  To  replace  a  compound  curve  by  a  curve  with  spirals. 
The  solution  is  somewhat  analogous  to  that  of  §  51.  Compute 
mi  for  the  sharper  branch  of  the  curve,  placing  Ay  =  \J  in  Eq. 
38.  Since  m^  and  mj  for  the  two  branches  of  the  curve  must 
be  identical,  a  value  for  R2  must  be  found  which  will  satisfy 
the  determined  value  of  m2=m^.  Solving  Eq.  38  for  B\  we 
obtaiu 

j^,     R  vers  \A—m  cos  \A—x  .,^. 

cos  9— cos  \4 
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Substituting  in  this  equation  the  known  value  of  mj  (=m2) 
and  calling  R'  =  R2y  R  =  R2f  and  J2  =  i^>  solve  for  /^j'.  Obtain 
the  value  of  AQ  for  each  branch  of  the  curve  separately  by  Eq. 
39,  and  compare  the  lengths  of  the  old  and  new  lines. 

Example.    Assume  a  compound   curve  with  Z>i=8°,  D2=4®, 
ii=36^   and   J2=32°.     Use   l°-per-25-feet  spirals;    ^i=7°0'; 
^2  =  1°  30'.     Assume  that  the  sharper  curve  is  sharpened  from 
8°  0'  to  8°  12'. 
[Eq.38] 


169.209  . 

exsec36° 

2.85538 
9.37303 
2  22842 

699.326 
868.535 

857.970    .     .     . 
9.429      .     . 

fii' 

cos^ 
sec  A I 

2.84468 

9.99675 

0.09204 

,     2.93347 

0.88241 
0.09204 
0.97445 

867.399 
1.136 

867.399 

[Eq.43]  Rq  3.15615 

vers  320  9.18170 

217.700  2.33783 

^1  136  0.05638 

'cos  32°  0-92842 

0.963 9.98380 

gg- 0.763 

1.726     1.726  == 

215.974  2.33440 

nat.cos  ^  —  .99966 
nat.  cos  ^2™  .84805 

.15161  9.18073 

iJ2'-1424.54     [4*»1'22"] 3.15367 

[Eq.39]         „.-174.722  ^.  |== 

sin^  9.08585 

86.226  1.93057 

«/  2.84468 

cos^  9.99675 

taniJ[Ji-36°]  9.86126 

604.302  2.70269 

i?i-716.779  ■ 
OTi-     7.628 

709.151  2.85075 

6-702-4  *'"*''  »-^-^?? 

600.461       615.235 ^.lYiSSi 

iiQi- 78.563      600.461 
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[Eq.  39]  fi./    3.15367 

1/2-  74.994  sin^    8.41792 

37.290 1.571^ 

Ri'  3.15367 

tan  ii(J;i  =  32°)  9.79579 

889.843. 2.9'>93l 

i2.^=  1432.69 
arz"   0-76 

1431.93    3.15592 
tan  ii     9.79579 

894.770 2.96171 

964.837       932.060 
932.060 
ilQa-   32.777 
For  the  length  of  the  old  track  we  have  : 

100^^'  «  lt)0^°-450. 

100^^  =  100'^^^=  800. 

AQx  =    78.563 

^$2=_32.777 

1361.340 


For  the  length  of  the  new  track  we  have 

~W  ~  8°:20 


100  Ati^'  =  l«0-^f-^=    353.659 


10oig^^  =  100^\=    758.140 

Spiral  on   8°  12'        curve        175.000 
..       ..     4001/22"    "         75^ 

Length  of  new  track  =  1361.799 

"      ♦•    old      ••  =-  1361.340 

Excess  in  lengthof  new  track   =        0.459  feet. 

Since  the  new  track  is  slightly  longer  than  the  old,  it  shows 
that  the  new  track  mns  too  far  outside  the  old  track  at  the 
P.C.C,  On  the  other  hand  the  offset  m  is  only  1.136.  The 
maximum  amount  by  which  the  new  track  comes  inside  of  Hke 
old  track  at  two  points,  presumably  not  far  from  Z'  and  Z,  is 
very  difficult  to  determine  exactly.  Since  it  is  desirable  that 
the  maximum  offsets  (inside  and  outside)  should  be  made  as 
lieafly  equal  as  possible,  this  feature  should  not  be  sacrificed  to 
an  effort  to  make  the  two  lines  of  precisely  equal  length  so  that 
the  rails  need  not  be  cut.  Therefore,  if  it  is  found  that  the  offsets 
inside  the  old  track  are  nearly  equal  to  m  (1.136),  the  above 
'figures  should  stand.  Otherwise  m  may  be  diminished  (and  the 
above  ex'cess  in  length  of  track  diminished)  by  increasing  /?/ 
very  slightly  and  making  the  necessary  consequent  changes. 
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VERTICAL   CURVES. 

54.  Necessity  for  their  use.  Whenever  there  is  a  chaiige  in 
the  rate  of  grade,  it  is  necessary  to  eliminate  the  angle  that 
would  be  formed  at  the  point  of  change  and  to  connect  the  two 
grades  by  a  curve.  This  is  especially  necessary  at  a  sag  between 
two  grades,  since  the  shock  caused  by  abruptly  forcing  an  up- 
ward motion  to  a  rapidly  moving  heavy  train  is  very  severe  both 
to  the  track  and  to  the  rolling  stock.  The  necessity  for  vertical 
curves  was  even  greater  in  the  days  when  link  couplers  were  in 
tiniversal  use  and  the  "slack"  in  a  long  train  was  very  great. 
Under  such  circumstances,  when  a  train  was  moving  down  a 
heavy  grade  the  cars  would  crowd  ahead  against  the  engine. 
Reaching  the  sag,  the  engine  would  begin  to  pull  out,  rapidly 
taking  out  the  slack.  Six  inches  of  slack  on  each  car  would 
amount  to  several  feet  on  a  long  train,  and  the  resulting  jerk  on 
the  couplers,  especially  those  near  the  rear  of  the  t«iin,  has  fre- 
quently resulted  in  l^roken  couplers  or  even  derailments.  A 
vertical  curve  will  practically  eliminate  this  danger  if  the  curve 
is  made  long  enough,  but  the  rapidly  increasing  adaption  of 
close  ^ring  couplers  and  air-brakes,  even  for  fret^b  trains,  is 
obviating  the  necessity  for  such  very  long  curves. 

55.  Required  length.  Theoretically  the  length  should  de- 
pend on  the  change  in  the  rate  of  grade  and  on  the  length  of  the 
longest  train  on  the  road.  A  sharp  change  in  the  rate  of  grade 
requires  a  long  curve;  a  long  train  requires  a  long  curve;  but 
since  the  longest  trains  are  found  on  roads  with  light  grades  and 
small  changes  of  grade,  the  required  length  is  thus  somewhat 
equalized.  It  has  been  claimed  that  a  total  curve  length  equal 
to  one-third  of  the  train  length  for  each  tenth  of  a  per  cent  of 
change  of  rate  of  grade  will  certainly  prevent  the  rear  of  the 
train  from  crowding  against  the  cars  in  front,  but  such  a  length 
is  admittedly  excessive.  Half  of  this  length  is  probably  ajnple 
and  one-fourth  of  it  is  probably  safe.  Therefore^  we  may  say, 
taking  the  even  fraction  y\^  rather  than  ^j, 

length  of  vertical  curve  =  (length  of  longei^  train)  X  (change 
of  rate  of  grade  in  per  cent). 

For  example,  assume  a  change  of  rate  of  grad^  oi  *l<7c\  ^^^^"^^^ 
that  the  longest  train  mil  be  about  720  iee\-.    i:\\ew,  \i^  'Oc^s. 
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above  rule,  the  length  of  curve  should  be  720X2  =  1440  feet. 
Such  rules  are  seldom  if  ever  applied  except  in  the  most  approx- 
imate way.  On  many  roads  a  uniform  length  of  only  400  feet 
is  adopted  for  all  vertical  cun-es.  The  required  length  over 
a  hump  is  certainly  much  less  than  that  through  a  sag.  Added 
length  increases  the  amount  of  earthwork  required  both  in  cuts 
and  fills,  but  the  resulting  saving  in  operating  expenses  will 
always  justify  a  considerable  increase. 

56.  Form  of  curve.     In  Fig.  36  assume  that  A  and  C,  equi- 
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distant  from  B,  are  the  extremities  of  the  vertical  curve.  Bisect 
AC  at  e;  draw  Be  and  bisect  it  at  h.  Bisect  AB  and  BC  at  k 
and  I.  The  line  kl  will  pass  through  h.  A  parabola  may  be 
drawn  with  its  vertex  at  h  which  will  l)o  tangent  to  AB  and  BC 
at  A  and  C.  It  may  readily  be  shown  *  from  the  properties  of 
a  parabola  that  if  an  ordinate  be  drawn  at  anij  point  (as  at  n) 
we  will  have 

sn  :  eh  (or  hB)  :  \  Arr?  \Ae^ 

or  m^eh^- (44) 

A^ 

In  Fig.  36  the  grades  are  necessarily  exaggerated  enormously. 
With  the  proportions  found  in  practice  we  may  assume  that 
ordinates  (such  as  wY,  eB^  etc.)  are  perpendicular  to  either 
grade,  as  may  suit  our  convenience,  without  any  appreciable 
error.  In  the  numerical  case  given  below,  the  variation  of 
these  ordinates  from  the  vertical  is  0°  07',  while  the  effect  of 
this  variation  on  the  calculations  in  this  case  (as  in  the  most 
extreme  cases)  is  absolutely  inappreciable.  It  may  easily  be 
shown  that  the  angle  CAB^hsXi  the  algebraic  difference  of  the 
rates  of  grade.  Call  the  difference,  expressed  in  per  cent  of 
grade,  r;  then  CAB  =  ir.  Let  Z=longth  (in  "stations"  of  100 
feet)  of  the  line  AC,  which  is  practically  equal  to  the  horizontal 


*  See  note  at  foot  of  p.  63, 
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measurement.     Since  the  angle  CAB  is  one-half  the  total  change 
of  grade  at  B,  it  follows  that  Be  =  \lX ir     Therefore 

Bh  =  \lr (44a) 

Since  Bh  \ot  eh)  are  constant  for  any  one  curve,  the  correction 
sn  at  any  point  (see  Eq.  44)  equals  a  constant  times  Am^. 

57.  Numerical  example.  Assume  that  B  is  located  at  Sta. 
16+20;  that  the  curve  is  to  be  1200  feet  long;  that  the  grade 
of  AB  is  -0.8%,  and  of  BC +1.2%;  also  that  the  elevation 
of  B  above  the  datum  plane  is  162.6.  Then  the  algebraic  dif- 
ference of  the  grades,  r,  =  1.2-(-0  8)=2.0;  1  =  12.  Bh  =  \}r 
=  iXl2X2=3.0.  A  is  at  Sta.  10  +  20  and  its  elevation  is 
162.6 +  (6X0.8)  =107.4;  C  is  at  Sta  22  +  20  and  its  elevation  is 
162.6 +  (6X1.2)  =169.8.  The  elevation  of  Sta.  11  is  found  by 
adding  sn  to  the  elevation  of  s  on  the  straight  grade  line.     The 

constant    {eh-^A^)    equals    in     this    case    3. 0-^-600^=  ^Tf|y\nFTF- 
Therefore  the  curve  elevations  are 

A,  Sta.  10  +  20, 162. 6  +  (6. 00X0. 8)  =167.40 

11  167. 4-(    .80X0.8) +,5oWti    802=166.81 

12  167.4-(1.80X0.8)  +i5oW(i  180^=166.23 

13  167.4-(2.80X0.8)  +,2^50  2802=165.81 

14  167.4-(3.80X0.8)  +12(^00  3802=165.56 

15  167.4-(4.80X0.8)  +i2o'6off  4802=165.48 

16  167. 4 -(5. 80X0. 8)  +12(^500  5802=165.56 

B,  16  +  20,162.6  +  3.0  =165.60 

17  169. 8 -(5. 20 XI. 2)  +„55ffo  5202=165.81 

18  169. 8 -(4. 20X1.2)  +  rao'ooo  4202=166.23 

19  169. 8 -(3. 20X1.2)  +i2o'ooa  3202=166.81 

20  169. 8 -(2. 20X1.2)  +120W  2202=167.56 

21  169.8 -(1.20  XI.  2) +T2o\)oo  1202=168.48 

22  169. 8-(    .20X1.2)  +120*005    202=169.56 

C,  22  +  20, 162. 6  +  (6. 00X1. 2)  -169.80 


DEMONSTRATION   OF    EQ.    44. 
The  general  equation  of  a  parabola  passing  through  the  point  n  (Fig.  36) 
may  be  written 

y^  +  2/„2  =  2p(x  +  xji 

1/2      y  n^ 
from  which  *«  "^p~"*"  "2^  "  ^• 

When    X  "  Xj  V  ^  y,4    and  we  have 
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The  general  equation  of 

a  tangent  passing 

through  the  point  A 

may 

be 

written 

1/J/^   -   Vi.X   +   T^). 

from  which 

X  — ajj 

When  X  —  Xg, 

V  =•  2/«[-  2/„ 

,],  and  we  have 
VnVA 

^-x„ 

2/^2  +  y,^- 
2p 

iVA-yny 
2p 

■^ynVA 
Am- 

Tliis  proves  the  general  proposition  thai  if  secants  are  drawn  parallel  to 
the  axis  of  x,  intersecting  a  parabola  an<l  a  tangent  to  it,  the  intercepts  be- 
tween the  tangent  and  the  parabola  are  pioportional  to  the  square  of  the 
distances  (measured  parallel  to  y)  from  the  tangent  point. 


CHAPTER  in. 

EARTHWORK. 

FORM   OP  EXCAVATIONS   AND   EMBANKMENTS. 

58.  Usual  form  of  cross-section  in  cut  or  fill.  Tho  normal 
form  of  cross-section  in  cut  is  as  shown  in  Fig.  37,  in  which 
e . . .  g  represents  the  natural  surface  of  the  ground,  no  matter 


how  irregular;  ab  represents  the  position  and  width  of  the  re- 
quired roadbed;  ac  and  bd  represent  the  *'side  slopes"  which 
begin  at  a  and  b  and  which  intersect  the  natural  surface  at  such 


Fig.  38. 

points  (c  and  d)  as  will  be  determined  by  the  required  slope 
angle  (/9). 

The  normal  section  in  fill  is  as  shown  in  Fig.  38.    The  points 
c  and  d  are  likewise  determined  by  tho  iuteTa^t\,\oxi  ol  ^;)c»si  \^« 
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quired  side  slopes  with  the  natural  surface.     In  case  the  required 
roadbed  (ab  in  Fig.  39)  intersects  the  natural  surface,  both  cut 


Fig.  39. 

and  fill  are  required,  and  the  points  c  and  d  are  determined  as 
before.  Note  that  ^  and  /?'  arc  not  necessarily  equal.  Their 
proper  values  will  be  discussed  later. 

59.  Terminal  pyramids  and  wedges.  Fig.  40  illustrates  the 
general  form  of  cross-sections  when  there  is  a  transition  from 
cut  to  fill,     a , ,  ,g  represents  the  grade  line  of  the  road  which 


Fio.  40. 
passes  from  cut  to  fill  at  d.  ,9dt  represents  the  surface  y-rofile. 
A  cross-section  taken  at  the  point  where  either  Fide  of  the  road- 
bed first  cuts  the  surface  (the  point  m  in  this  case)  will  usually 
be  triangular  if  the  ground  is  regular.  A  similar  cross-section 
should  be  taken  at  o,  where  the  other  side  of  the  roadbed  cuts 
the  surface.    In  general  the  earthwork  of  cut  and  fill  terminates 
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in  two  pyramids.  In  Fig,  40  the  pyramid  vertices  are  at  n 
and  kf  and  the  bases  are  Ihm  and  opq.  The  roadbed  is  generally 
wider  in  cut  than  in  fill,  and  therefore  the  section  Ihm  and  the 
altitude  In  are  generally  greater  than  the  section  opq  and  the 
altitude  pk.  When  the  line  of  intersection  of  the  roadbed  and 
natural  surface  (nodkm)  becomes  perpendicular  to  the  axis  of 
the  roadbed  (ag)  the  pyramids  become  wedges  whose  bases  are 
the  nearest  convenient  cross-sections. 

6o.  Slopes,  a.  Cuttings.  The  required  slopes  for  cuttings 
vary  from  perpendicular  cuts,  which  may  be  used  in  hard  rock 
which  will  not  disintegrate  bv  exposure,  to  a  slope  of  perhaps 
4  horizontal  to  1  vertical  in  a  soft  material  like  quicksand  or  in 
a  clayey  soil  which  flows  easily  when  saturated.  For  earthy 
materials  a  slope  of  1  :  1  is  the  maximum  allowable,  and  even 
this  should  only  be  used  for  firm  material  not  easily  affected  by 
saturation.  A  slope  of  li  horizontal  to  1  vertical  is  a  safer 
slope  for  average  earthwork  It  is  a  frequent  blunder  that 
slopes  in  cuts  are  made  too  steep,  and  it  results  in  excessive  work 
in  clearing  out  from  the  ditches  the  material  that  slides  down, 
at  a  much  higher  cost  per  yard  than  it  would  have  gost  to  take 
it  out  at  first,  to  say  nothing  of  the  danger,  of  accidents  from 
possible  landslides. 

b.  Embankments.  The  slopes  of  an  embankment  vary  from 
1  : 1  to  1.5  : 1.  A  rock  fill  will  stand  at  1  : 1,  and  if  some  care 
is  taken  to  form  the  larger  pieces  on  the  outside  into  a  rough 
dry  wall,  a  much  steeper  slope  can  be  allowed.  This  method  is 
sometimes  a  necessity  in  steep  side-hill  work.  Earthwork  em- 
bankments generally  require  a  slope  of  IJ  to  1.  If  made 
steeper  at  first,  it  generally  results  in  the  edges  giving  way,  re- 
quiring repairs  until  the  ultimate  slope  is  nearly  or  quite  li  :  1. 
The  diflSculty  of  incorporating  the  added  material  with  tlie  old 
embankment  and  preventing  its  sliding  off  frequently  makes 
these  repairs  disproportionately  costly. 

6i.  Compoimd  sections.  When  the  cut  consists  partly  of 
earth  and  partly  of  rock,  a  compound  cross-section  must  be 
made.  If  borings  have  been  made  so  that  the  contour  of  the 
rock  surface  is  accurately  known,  then  the  true  cross-section  niay 
be  determined.  The  rock  and  earth  should  be  calculated  sepa- 
rately, and  this  will  re(iuire  an  accurate  knowledge  of  where  the 
rock  "runs  out" — a  difficult  matter  wheui  it  mM^\,  Vi^  ^'iV^^- 
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mined  by  boHng.  rKiring  construction  the  center  part  of  ths 
earth  cut  would  be  taken  out  first  and  the  cut  widened  unlil  a 
sufficient  width  of  rock  surface  had  boon  exposed  so  that  the 
rock  cut  would  have  its  proper  ^^^dth  and  side  slopes.  Then  the 
earth  slopes  could  be  cut  down  at  <  he  propter  angle.  A"  berm" 
of  about  three  feet  is  usually  left  on  the  edges  of  the  rock  euA  aa 


Fio.  41. 

a  margin  of  safety  against  a  possible  diding  of  the  earth  slopes. 
After  the  work  is  done,  the  amwmt  of  excavation  that  has  been 
made  is  readily  computable,  I )\it  accurate  preliminary  estimates 
are  difficult.  The  area  of  the  cross-section  of  earth  in  the  figure 
must  be  deteruiined  by  a  method  similar  to  that  developed  for 
borrow-pits  (see  §  89). 

62.  Width  of  roadbed.  Owing  to  the  large  and  often  dis- 
pro]X>rtionate  addition  to  volume  of  cut  or  fill  caused  by  the 
additicHi  of  even  one  foot  to  the  width  of  roadbed,  there  is  a 
natural  tendency  to  reduce  the  width  until  embankments  l:>ecome 
unsafe  and  cuts  are  too  narrow  for  proper  drainage.  The  cost 
of  maintenance  of  roadbed  is  so  largely  dependent  on  the  drain- 
age of  the  roadbed  that  there  is  true  economy  in  making  an 
ample  allowance  for  it.  The  practice  of  some  of  the  leading 
railioads  of  the  country  in  this  respect  is  given  in  the  follo^ving 
table,  in  which  are  also  given  some  data  belonging  more  properly 
to  the  subject  of  superstructure. 

2't  may  be  noted  from  the  table  that  the  a^'erage  width 
for  an  earthwork  cut,  single  track,-  is  about  24.7  fe(»t,  with  a 
minii»mni  of  19  feet  2  inches.  The  Avidths  of  fills,  single  track, 
average  over  18  feet,  with  numerous  mininnuns  of  IG  feet. 
The  widths  for  double  track  may  be  found  by  adding  the  distance 
between  track  ccntcra,  which  is  usually  13  feet. 
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63.  Form  of  subgrade.  The  stability  of  the  roadbed  depends 
largely  on  preventing  the  ballast  and  subsoil  from  becoming 
saturated  with  water  The  ballast  must  be  porous  so  that  it 
w  ill  not  retain  water,  and  the  subsoil  must  be  so  constructed  that 
it  will  readily  drain  off  the  rain-water  that  soaks  through  the 
ballast.  This  is  accomplished  by  giving  the  subsoil  a  curved 
form,  convex  upward^  or  a  surface  made  up  of  two  or  three 
planes,  the  two  outer  planes  having  a  slope  of  about  1 :  24 
(sometimes  more  and  sometimes  less,  depending  on  the  soil) 
and  the  middle  plane,  if  three  are  used,  being  le\'el.  When  a 
circular  form  is  used,  a  crowning  of  C  inches  in  a  total  width  of 
17  or  18  feet  is  generally  used.  Occasionally  the  subgrade  is 
made  level,  especially  in  rock-cuts,  but  if  the  subsoil  is  previously 
compressed  by  rolling,  as  required  on  the  N.  Y.  C  &  H.  R.  R.  R., 
or  if  the  subsoil  is  drained  by  tile  drains  laid  underneath  the 
ditches,  the  necessity  for  slopes  is  not  so  groat.  Rock  cuts  are 
generally  required  to  be  excavated  to  one  foot  below  subgrade 
and  then  filled  up  again  to  subgrade  with  the  same  material,  if 
it  is  suitable. 

64.  Ditches.  "The  stability  of  the  track  depends  upon  the 
strength  and  permanence  of  the  roadbed  and  structures  upon 
which  it  rests;  whatever  will  protect  them  from  damage  or  pre- 
vent premature  decay  should  be  carefully  observed.  The  worst 
enemy  is  water,  and  the  further  it  can  be  kept  away  from  the 
track,  or  the  sooner  it  can  be  diverted  from  it,  the  better  the 
track  will  be  protected.  Cold  is  damaging  only  by  reason  of 
the  water  which  it  freezes;  therefore  the  first  and  most  impor- 
tant provision  for  good  track  is  drainage."  (Rules  of  the  Road 
Department,  Illinois  Central  R.  R.) 

The  form  of  ditch  generally  prescribed  has  a  flat  bottom  12" 
to  24"  wide  and  with  sides  having  a  mininmm  slope,  except  in 
rock-work,  of  1  :  1,  more  generally  1.5  :  1  and  sometimes  2  : 1. 
Sometimes  the  ditches  are  made  V-shap<^d,  which  is  objection- 
able unless  the  slopes  are  low^  The  best  form  is  evidently  that 
which  will  cause  the  greatest  flow  for  a  given  slope,  and  this 
^will  evidently  be  the  form  in  which  the 
ratio  of  area  to  wetted  perimeter  is  the 
largest.  The  semicircle  fulfills  this  con- 
dition better  than  any  other  form,  but  the 

r  ifi.  42.  * 

nearly  vertical  sides  would   be  difficult  to 
mmntain.     (See  Fi^.  42.)     A  ditch,  with  a  Uat  bottom  and  such 
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slopes  as  the  soil  requires,  which  approximates  to  the  circular 
fomi  will  therefore  be  the  best. 

When  the  flow  will  probably  be  large  and  at  times  rapid  it 
will  be  advisable  to  pave  the  ditches  with  stone,  especially  if  the 
soil  is  easily  washed  away.  Six-inch  tile  drains,  placed  2'  under 
the  ditches,  are  prescribed  on  some  roads.  (See  Fig.  43.)  No 
better  method  could  be  devised  to  insure  a  dry  subsoil.  The 
ditches  through  cuts  should  be  led  off  at  the  end  of  the  cut  so 
that  the  adjacent  embankment  will  not  be  injured. 

Wherever  there  is  danger  that  the  drainage  from  the  land 
above  a  cut  will  drain  down  into  the  cut,  a  ditch  should  be  made 
near  the  edge  of  the  cut  to  intercept  this  drainage,  and  this 
ditch  should  be  continued,  and  paved  if  necessary,  to  a  point 
where  the  outflow  Avill  be  harmless.  Neglect  of  these  simple 
and  inexpensive  precautions  frequently  causes  the  soil  to  be 
loosened  on  the  shoulders  of  the  slopes  during  the  progress  of  a 
heavy  rain,  and  results  in  a  landslide  which  will  cost  more  to 
repair  than  the  ditches  which  would  have  prevented  it  for  all 
time. 

Ditches  should  be  formed  along  the  bases  of  embankments; 
they  facilitate  the  drainage  of  water  from  the  embankment, 
and  may  prevent  a  costly  slip  and  disintegration  of  the  em- 
bankment. 

65.  Effect  of  sodding  the  slopes,  etc.  Engineers  are  unani- 
mously in  favor  of  rounding  off  the  shoulders  and  toes  of  em- 
bankments and  slopes,  sodding  the  slopes,  paving  the  ditches, 
and  providing  tile  drains  for  subsurface  drainage,  all  to  be  put 
in  during  original  construction.  (See  Fig.  43.)  Some  of  the 
highest  grade  specifications  call  for  the  removal  of  the  top  la3'er 
of  Vegetable  soil  from  cuts  and  from  under  proposed  fills  to 
some  convenient  place,  from  which  it  may  be  afterwards  spread 
on  the  slopes,  thus  facilitating  the  formation  of  sod  from  grass- 
seed.  But  while  engineers  favor  these  measures  and  their 
economic  value  may  be  readily  demonstrated,  it  is  generally 
impossible  to  obtain  the  authorization  of  such  specifications 
from  railroad  directors  and  promoters.  The  addition  to  the 
original  cost  of  the  roadbed  is  considerable,  but  is  by  no  means 
as  gi'eat  as  the  capitalized  value  of  the  extra  cost  of  mainte- 
nance resulting  from  the  usual  practice.     Fig.  43  is  a  copy  o£ 
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designs  *  presented  at  a  convention  of  the  Ameiican  Society  of 
Civil  Engineers  by  Mr.  D.  J.  Whittemore,  Fast  President  of 
the  Society  and  Chief  Engineer  of  the  Chi.,  Mil.  &  St.  Paul 


CUSTOMARY   SECTION    OF   ROADBED    IN    EXCAVATION 


i;- 


ii^mms^v 


PROPOSED   SECTION    OF   ROADBED   IN    EXCAVAJtON. 


CUSTOMARY   SECTION    OF   ROADBED    ON    EMBANKMENT. 


PROPOSED  SECT rON    OF   ROADBED  pN    EMEANKMLNT. 


Fio,  43. — "Whittemore  on  Railway  Excavation  and  EiiBANKmifTS ' 
Trans.  Am^Soc.  C.  E.,  Sept.  1894. 

R.  R.    The  "customary  sections  "  repre»scnt  what  is,  with  some 
variations  of  detail,  the  practice  of  many  railroads.    The  "  pro- 


♦  Trans.  Am.  Soc.  Civil  Eng.,  8e\>t.«\894. 
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posed  sections"  elicited  unanimous  approval.    They  should  be 
adopted  when  not  prohibited  by  financial  considerations. 


EARTHWORK    SURVE"VS. 

66.  Relation  of  actual  volume  to  the  numerical  result.  It 
should  be  realized  at  the  outset  that  the  accuracy  of  the  result 
of  computat  ions  of  the  volume  of  any  giA'en  mass  of  earthwork 
has  but  little  relation  to  the  accuracy  of  the  mere  numerical 
work.  The  process  of  obtaining  the  volume  consists  of  two 
distinct  parts.  In  the  first  place  it  is  assumed  that  the  volume 
of  the  earthwork  may  be  represented  by  a  more  or  less  com- 
plicated geometrical  form,  and  then,  secondly,  the  volume  of 
such  a  geometrical  form  is  computed.  A  desire  for  simplicity 
(or  a  frank  willingness  to  accept  approximate  results)  will  often 
cause  the  cross-section  men  to  assume  that  the  volume  may  be 
represented  by  a  very  simple  geometrical  form  which  is  really 
only  a  very  rough  approximation  to  the  true  volume.  In  such 
a  case,  it  is  only  a  waste  of  time  to  compute  the  volume  with 
minute  numerical  accuracy.  One  of  the  first  lessons  to  be 
learned  is  that  economy  of  time  and  effort  requires  that  the 
accuracy  of  the  numerical  work  should  be  kept  proportional  to 
the  accuracy  of  the  cross-sectioning  work,  and  also  that  the 
accuracy  of  both  should  be  proportional  to  the  use  to  be  made 
of  the  results.     The  subject  is  discussed  further  in  §  94. 

67.  Prismoids.  To  compute  the  volume  of  earthwork,  it  is 
necessary  to  assume  that  it  has  some  geometric  form  whose  vol- 
ume is  readily  determinable.  The  general  method  is  to  consider 
the  volume  as  consisting  of  a  series  of  prisnioids,  which  are 
solids  having  parallel  plane  ends  and  bounded  by  surfaces  which 
may  be  formed  by  lines  moving  continuously  along  the  edges  of 
the  bases  These  surfaces  may  also  be  considered  as  the  sur- 
faces generated  by  lines  moving  along  the  edges  joining  the  cor- 
responding points  of  the  bases,  these  edges  being  the  directrices, 
and  the  lines  being  always  parallel  to  either  base,  which  is  a 
plane  director.  The  surfaces  thus  developed  may  or  may  not 
be  planes.  The  volume  of  such  a  prismoid  is  readily  determin- 
able (as  explained  in  §  70  et  seq.)j  while  its  definition  is  so  very 
general  that  it  may  be  applied  to  very  rough  ground.  The 
"two  plane  ends"  are  sections  perpcndicu\ar  to  \>\vjj.  \5lsa^  Ck\  VJttfi 
road.     The  roadbed  and  aide  slopes  (also  pVaae^  Ioyto.  \>kc<^^  o\ 
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the  side  surfaces.  The  only  approximation  lies  in  the  degree  of 
accuracy  with  which  the  plane  (or  warped)  surfaces  coincide  with 
the  actual  surface  of  the  ground  between  these  two  sections. 
This  accuracy  will  depend  (o)  on  the  number  of  points  which 
are  taken  in  each  cross-section  and  the  accuracy  with  which  the 
lines  joining  these  points  coincide  with  the  actual  cross-sections; 
(6)  on  the  skill  shown  in  selecting  places  for  the  cross-sections  so 
that  the  warped  surfaces  shall  coincide  as  nearly  as  possible  with 
the  surface  of  the  ground.  In  fairly  smooth  country,  cross- 
sections  every  100  feet,  placed  at  the  even  stations,  are  suf- 
ficiently accurate,  and  such  a  method  simplifies  the  computations 
greatly;  but  in  rough  country  cross-sections  must  be  inter- 
polated as  the  surface  demands.  As  will  be  explained  later, 
carelessness  or  lack  of  judgment  in  cross-sectioning  will  introduce 
errors  of  such  magnitude  that  all  refinements  in  the  computa- 
tions are  utterly  wasted. 

68.  Cross-sectioning.  The  process  of  cross-sectioning  con- 
sists in  determining  at  anj^  place  the  intersection  by  a  vertical 
plane  of  the.  prism  of  earth  lying  between  the  roadbed,  the  side 
slopes,  and  the  natural  surface.     The  intersection  with  the  road- 


bed and  side  slopes  gives  three  straight  lines.     The  intersection 

with  the  natural  surface  is  in  general  an  irregular  line.     On 

smooth  re^rular  ground  or  when  approximate  results  are  accept- 

abJe  tbia  line  is  assumed  to  be  straight.     Accotdm^  to  the  irreg- 
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ularity  of  the  ground  and  the  accuracy  desired  more  and  more 
"intermediate  points"  are  taken. 

The  distance  (d  in  P^ig.  44)  of  the  roadbed  below  (or  above) 
the  natural  surface  at  the  center  is  known  or  determined  from 
the  profile  or  by  the  computed  establishment  of  the  grade  line. 
The  distances  out  from  the  center  of  all  "  breaks  "  are  deter- 
mined with  a  tape.  To  determine  the  elevations  for  a  cut,  set 
up  a  level  at  any  convenient  point  so  that  the  line  of  sight  is 
higher  than  an}*-  point  of  the  cross-section,  and  take  a  rod  read- 
ing on  the  center  point.  This  rod  reading  added  to  d  gives  the 
height  of  the  instrument  (H.  I.)  above  the  roadbed.  Sub- 
tracting from  H.  I.  the  rod  reading  at  any  "break"  gives  the 
height  of  that  point  above  the  roadbed  {hj,  ki,  hr,  etc.).  This 
is  true  for  all  cases  in  excavation.  For  fill,  the  rod  reading  at 
center  minus  d  equals  the  H.  I.,  which  may  be  positive  or  nega- 
tive. When  negative,  add  to  the  "H.  I."  the  rod  readings  of 
the  intermediate  points  to  get  their  depths  below  "grade**; 
when  positive,  subtract  the  "  H.  I."  from  the  rod  readings. 

The  heights  or  depths  of  these  intermediate  points  above  or 
below  grade  need  only  be  taken  to  the  nearest  tenth  of  a  foot, 
and  the  distances  out  from  the  center  will  frequently  be  sufli- 
ciently  exact  when  taken  to  the  nearest  foot.  The  roughness  of 
the  surface  of  farming  land  or  woodland  generally  renders  use- 
less any  attempt  to  compute  the  volume  with  any  greater  accu- 
racy than  these  figures  would  imply  unless  the  form  of  the  ridges 
and  hollows  is  especially  well  defined.  The  position  of  the  slope- 
stake  points  is  considered  in  the  next  section.  Additional  dis- 
cussion regarding  cross-sectioning  is  found  in  §  82. 

69.  Position  of  slope-stakes.  The  slope-stakes  are  set  at  the 
intersection  of  the  required  side  slopes  with  the  natural  surface, 
which  depends  on  the  center  cut  or  fill  (d).  The  distance  of 
the  slope-stake  from  the  center  for  the  lower  side  is  x  =  ih 
+«(d-h?/);  for  the  up-hill  side  it  is  x^  =  ^h-\-s(d—y^).  s  is  the 
"slope  ratio"  for  the  side  slopes,  the  ratio  of  horizontal  to  ver 
tical.  In  the  above  equation  both  x  and  7/  are  unknown.  There- 
fore some  position  must  be  found  by  trial  which  will  satisfy  the 
equation.  As  a  preliminary,  the  value  of  x  for  the  point  a  =  i6 
+  8df  which  is  the  value  of  x  for  level  cross-sections.-  In  the 
case  of  fills  on  sloping  ground  the  value  of  x  on  the  dovm-hiU 
side  is  greater  than  this;  on  the  up-hill  side  \t  \s less.  T>ftfe  ^\^«t- 
enpe  in  distance  is  s  times  the  dilYereuce  ol  eVexaXAOvx.    ^«^^  ^ 
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ntunerical  case  corresponding  with  Fig.  45.  The  rod  reading 
on  c  is  2.9;  d=4.2;  thercfoie  the  telescope  is  4.2—2.9  =  1.3 
below  grade.  s  =  l,5  : 1,  5  =  16.  Hence  for  the  point  a  (or  for 
level  ground)  x  =  iX  16 +  1.5X4.2  =  14,3.  At  a  distance  out 
of  14.3  the  ground  is  seen  to  be  about  3  feet  lower,  which  will 
not  only  require  1.5X3=4.5  more,  but  enough  additional  dis- 
tance so  that  the  added  distance  shall  be  1.5  times  the  additional 
drop.  As  a  first  trial  the  rod  may  be  held  at  24  feet  out  and  a 
reading  of,  say,  8.3  is  obtained.  8.3  +  1.3=9.6,  the  depth  of 
the  point  below  grade.  The  point  on  the  slope  line  (n)  which 
has  this  depth  below  grade  is  at  a  distance  from  the  center 


Fio.  45. 


a;«8  +  1.6X9.6=22.4.  The  point  on  the  surface  (s)  having 
that  depth  is  24  feet  out.  Therefore  the  true  point  (m)  is 
nearer  the  center.  A  second  trial  at  20.5  feet  out  gives  a  rod 
reading  of,  say,  7.1  or  a  depth  of  8.4  below  grade.  This  corre- 
sponds to  a  distance  out  of  20.6.  Since  the  natural  soil  (espe- 
cially in  farming  lands  or  woods)  is  generally  bo  rough  that  a 
difference  of  elevation  of  a  tenth  or  so  may  be  readily  found  b}'- 
slightly  varying  the  location  of  the  rod  (even  though  the  dis- 
tance from  the  center  is  the  same),  it  is  useless  to  attempt  too 
much  refinement,  and  so  in  a  case  like  the  above  the  combina- 
tion of  8.4  below  grade  and  20.6  out  from  center  may  be  taken 
to  indicate  the  proper  position  of  the  slope-stake.  This  is 
usually  indicated  in  the  form  of  a  fraction,  the  distance  out  being 
the  denominator  and  the  height  above  (or  below)  grade  being 
the  numerator;  the  fact  of  ad  or  fill  may  be  indicated  by  C  or  Fm 
Ordinarily  a  second  trial  will  be  sufficient  to  determine  with 
sufficient  accuracy  the  true  position  of  the  slope-stake.  Ex- 
perienced  men  will  frequently  eBtimato  the  required  distance 
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out  to  within  a  few  tenths  at  the  first  trial.  The  left-hand  pages 
of  the  note-book  should  have  the  station  number,  surface  eleva- 
tion, grade  elevation,  center  c\it  or  fill,  and  rate  of  grade.  The 
right-hand  pages  should  be  divided  in  the  center  and  show  the 
distances  out  and  heights  above  gi'ade  of  all  points,  as  is  illus- 
trated in  §  84.  The  notes  should  read  up  the  page,  so  that  when 
looking  ahead  along  the  line  the  figures  are  in  their  proper 
relative  position.  The  "fractions"  farthest  from  the  center 
line  represent  the  slope-stake  points. 

69a.  Setting  slope-stakes  by  means  of  **  automatic "  slope- 
stake  rods.  The  equipment  consists  of  a  specially  graduated 
tape  and  a  specially  constructed  rod.  The  tape  may  readily  be 
prepared  by  marking  on  the  back  side  of  an  ordinary  50-foot 
tape  which  is  graduated  to  feet  and  tenths.  Mark  " Q"  at  "  Jb" 
from  the  tape-ring.  The  same  tape  may  be  used  for  several 
values  of  "  i&  *'  by  placing  the  zero  at  the  maximum  distance  ih 
from  the  ring.  Then  graduate  from  the  zero  backward,  at  true 
scale,  to  the  ring.  When  J6  is  less  than  this  maximum,  the 
tape  will  not  be  used  clear  to  the  ring.  In  general,  the  tape 
must  be  so  held  that  the  zero  is  always  ih  from  the  center  stake. 
Mark  off  "feet"  and  "tenths"  on  a  scale  proportionate  to  the 
slope  ratio.  For  example,  with  the  usual  slope  ratio  of  1.5  : 1 
each  "foot"  would  measure  18  inches  and  each  "tenth"  in 
proportion. 

The  rod,  10  feet  long,  is  shod  at  each  end  and  has  an  endless 
tape  passing  within  the  shoes  at  each  end  and  over  pulleys — to 
reduce  friction.  The  tape  should  be  graduated  in  feet  and 
tenths,  from  0  to  20  feet — the  0  and  20  coinciding.  By  moving 
the  tape  so  that  0  is  at  the  bottom  of  the  rod — or  (practically) 
so  that  the  1-foot  mark  on  the  tape  is  one  foot  above  the  bottom 
of  the  shoe,  an  index  mark  may  be  placed  on  the  back  of  the 
rod  (say  at  15 — on  the  tape)  and  this  readily  indicates  when  the 
tape  is  "set  at  zero." 

The'  method  of  use  may  best  be  explained  from  the  figure  and 
from  the  explicit  rules  as  stated.  The  proof  is  given  for  two 
assumed  positions  of  the  level. 

(1)  Set  up  the  level  so  that  it  is  higher  than  the  "center" 
and  (if  possible)  higher  than  both  slope-stakes,  but  not  more 
than  a  rod-length  higher.     On  very  steep  ground  this  may  be 
im]>ossible  and  each  slope-stake  must  be  set  by  sepa.TaA,^^c>^\\K«sx^ 
of  the  level. 
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(2)  Set  the  rod-tape  at  zero  (i.e.,  so  that  the  15-foot  mark 
on  the  back  is  at  the  index  mark). 

(3)  Hold  the  rod  at  the  center-stake  (B)  and  note  the  read- 
iBig  (^1  OT  n^.  Consider  n  to  be  always  plus;  consider  d  to  be 
plus  for  cut  and  minus  for  fill. 

(4)  iJaise  the  tape  on  the /ace  side  of  the  rod  (n+d).  Applied 
literally  (and  algebraically),  when  the  level  is  below  the  roadbed 
(only  possible  for  fill) ,  (n  +  d)  =  (wj  +  (  —  c^/-) )  =  rij  —  d/.  This  being 
numerically  negative,  the  tape  is  lowered  {df—n^.  With  level 
at  (1),  for  fill,  (n+d)  =(ni  +  (— rf/))  =(wi— <i/) ;  this  being  positive, 
the  tape  is  raised.  With  level  at  (1),  for  cut,  the  tape  is  raised 
(ni+dc).  In  every  case  the  effect  is  the  same  as  if  the  telescope 
were  set  at  the  elevation  of  the  roadbed. 


Fig.  45a. 

(5)  With  the  special  distance-tape,  so  held  that  its  zero  is  ^b 
from  the  center,  carry  the  rod  out  until  the  rod  reading  equals 
the  reading  indicated  by  the  tape.  Since  in  cut  the  tape  is 
raised  (n+rf),  the  zero  of  the  rod-tape  is  always  higher  than  the 
level  (unless  the  rod  is  held  at  or  below  the  elevation  of  the  road- 
bed— which  is  only  possible  on  side-hill  work),  and  the  reading 
at  either  slope-stake  is  necessarily  negative.  The  reading  for 
slope-stakes  in  fill  is  always  positive. 

(6)  Record  the  rod-tape  reading  as  the  numerator  of  a  frac- 
tion and  the  actual  distance  out  (read  directly  from  the  other 
side  of  the  distance-tape)  as  the  denominator  of  the  fraction. 

Proof.  Fill.  Level  at  (i).  Tape  is  raised  {n^—df).  When 
rod  is  held  at  C/,  the  rod  reading  is  +x,  which  =rf^—(ji^—df). 
But  the  reading  on  the  back  side  of  the  distance-tape  is  also  x. 

Fill.  Level  at  (2).     Tape  is  raised  (nj— df/),  i.e.,  it  is  lowered 
(^j—rh).      When  rod  is  held  at  C/,  the  rod  reading  is  +a;,  which 
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similarly  =*  r/j— (W3— d/)  =  r/^  +  (df—n^.  Distance-tape  as  be- 
fore. 

Cut  Level  at  (i).  Tape  is  raised  (ni+c?c)-  When  rod  is 
held  at  Cc  the  rod  reading  is— 2,  which  =  rci—(ni+rfc),  i.e., 
2 = (rii + dc)  —  rci.     The  distance-tape  will  read  z. 

Side-hill  work.  It  is  easily  demonstrated  that  the  method, 
when  followed  literally,  may  be  apphed  to  side-hill  work,  al- 
though there  is  considerable  chance  for  confusion  and  error, 
when,  as  is  usual,  J6  and  the  slope  ratio  are  different  for  cut  and 
for  fill. 

The  method  appears  complicated  at  first,  but  it  becomes 
mechanical  and  a  time-saver  when  thoroughly  learned.  The 
advantages  are  especially  great  when  the  ground  is  fairly  level 
transversely,  but  decrease  when  the  difference  of  elevation 
of  the  center  and  the  slope-stake  is  more  than  the  rod  length. 
By  setting  the  rod-tape  * '  at  zero,"  the  rod  may  always  be  used 
as  an  ordinary  level  rod  and  the  regular  method  adopted,  as  in 
§  69.  Many  engineers  who  have  thoroughly  tested  these  rods 
are  enthusiastic  in  their  praise  as  a  time-saver. 

COMPUTATION    OF  VOLUME. 

70.  Prismoidal  formula.  Let  Fig.  46  represent  a  triangular 
prismoid.  The  two  triangles  forming  the  ends  lie  in  parallel 
planes,  but  since  the  angles  of  one  triangle  are  not  equal  to  the 
corresponding  angles  of  the  other  triangle,  at  least  two  of  the 
surfaces  must  be  warped.    If  a  section,  parallel  to  the  bases,  is 


^ A— 


FiQ.  46. 


made  at  iuiy  point  at  a  distance  x  from  one  end,  the  area  of  the 
section  will  evidently  be 
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The  volume  of  a  section  of  infinitesimal  length  will  be  Aj^cte, 
and  the  total  volume  of  the  prismoid  will  be  * 


=i  WKx  +  {h,--h,)h^^f-\-h,{h,-hf^ 


^^^^.-^4 


-  2[i&i^i  +  i&  A + ihK  +  i5  A] 


=-g-{i&A  +  i&i(^i+^2)  +  4^2(^1+^2)  +  iM2] 


[ihA-^^i^^^'-pJ"^^ 


=|[Ai+44m4-A2],       (45) 

in  which  A^^  Azy  and  Am  are  the  areas  respectively  of  the  two 
bases  and  of  the  middle  section.  Note  that  Am  is  not  the  mean 
of  A  J  and  Aj,  although  it  does  not  necessarily  differ  very  greatly 
from  it. 

The  above  proof  is  absolutely  independent  of  the  values,  ab- 
solute or  relative,  of  b^,  62,  /ii,  or  hi.  For  example,  /12  ^^^Y  l^e 
zero  and  the  second  base  reduces  to  a  line  and  the  prismoid  be- 
comes wedge-shaped;  or  62  and  /ij  may  both  vanish,  the  second 
base  becoming  a  point  and  the  prismoid  reduces  to  a  pyramid. 
Since  every  prismoid  (as  defined  in  §  67)  may  be  reduced  to  a 
combination  of  triangular  prismoids,  wedges,  and  pyramids,  and 

^  Students  iltlfamlliar  with  the  Ihtegral  Caloulils  may  take  for  granted  ths 

fundamental  formulae  that  I  dx  =  x,  that  I  xdx  =  \x^,  and  that  /  x^dx  =  ix^; 

also  that  in  integrating  between  the  l-.iiits  of  I  and  OCzero),  the  value  of  the 
integral  may  be  found  by  simply  substituting  I  for  x  after  integration. 


J  71.  EARTHWORK.  81 

since  the  formula  is  true  for  any  one  of  them  individually;  it  is 
true  for  all  collectively;   therefore  it  may  be  stated  that* 

The  volume  of  a  prismoid  equals  one  sixth  of  the  perpendicular 
distance  between  the  bases  multiplied  by  the  sum  of  the  areas  of 
the  two  bases  plus  four  times  the  area  of  the  middle  section. 

While  it  is  always  possible  to  compute  the  volume  of  any 
prismoid  by  the  above  method,  it  becomes  an  extremely  compU- 
cated  and  tedious  operation  to  compute  the  true  value  of  the 
middle  section  if  the  end  sections  are  complicated  in  form.  It 
therefore  becomes  a  simpler  operation  to  compute  Volumes  by 
approximate  formulae  and  apply,  if  necessary,  a  correction. 
The  most  common  methods  are  as  follows : 

71.  Averaging  end  areas.  The  volume  of  the  triangular 
prismoid    (Fig.    46),    computed    by    averaging    end    areas,    is 

slibi^i  +  i^z^z]'     Subtracting   this   from   the   true  volume    (as 

given  in  the  equatioif  above  Eq.  45),  we  obtain  the  correction 

.         Y2^ib,-b,Xh,-h,)l     .....     (46) 

This  shows  that  if  either  the  ^'s  or  b's  are  equal,  the  correc- 
tion vanishes;  it  also  shows  that  if  the  bases  are  roughly  similar 
and  b  varies  roughly  with  h  (which  usually  occurs,  as  will  be 
seen  later),  the  correction  will  be  negative,  which  means  that  the 
method  of  averaging  end  areas  usiially  gives  too  large  results. 

72.  Middle  areas.  Sometimes  the  middle  area  is  computed 
and  the  volume  is  assumed  to  be  equal  to  the  length  times  the 

middle  area.     This  will  equal  ^  X  ^      '  X   ^  f>   ^     Subtracting 

this  from  the  true  volume,  we  obtain  the  correction 

Y^\-h,){),,-hi, (47) 

As  before,  the  form  of  the  correction  shows  that  if  either 
the  A's  or  6's  are  equal,  the  correction  vanishes;  also  under  the 
mxujoI  conditions,  as  before,  the  correction  is  positive  and  only 
one-half  as  large  as  by  averaging  end  areas.  Ordinarily  the 
labor  involved  in  the  above  method  is  no  less  than  that  of 
applying  the  exact  prisinoidal  formula. 

♦  The  student  should  note  that  the  derivation  of  equation  (45)  does  not 
complete  the  proof,  but  that  the  statements  in  the  following  paragraph.  «x^ 
logicaUy  necessary  for  a  general  proof. 
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73.  Two-level  ground.  When  approximate  computations  of 
earthwork  are  sufficiently  exact  the  field-work  may  be  materi- 
ally reduced  by  observing  simply  the  center  cut  (or  fill)  and  the 
natural  slope  a,  measured  with  a  clinometer.  The  area  of  such 
a  section  (see  Fig.  4S)  equals 

ah 


iia+d)(xi+Xr)  — 


But 

from  which 

Similarly, 
Substituting, 


2' 


Xi  tan  p=a-{-d-\-Xi  tan  a, 

a-\-d 
xi== 


Xr  = 


Area  =  (a+^^ 


tan/? —tan  a' 

a-\-d 

tan/?  +  tan  a' 

,,         tan/? 

2  • 


tan^^-tan^a       2'  '     '     '     ^^^^ 

The  values  a,  tan  ^,  tan^  p  are  constat  for  all  sections,  so 
that  it  requires  but  httle  work  to  find  the  area  of  any  section. 


Fig.  47. 


As  this  method  of  cross-sectioning  implies  considerable  approxi- 
mation, it  is  generally  a  useless  refinement  to  attempt  to  com- 


Fia.  48. 
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pute  the  voiume  with  any  greater  accurac}'  than  that  obtained 
by  averaging  end  areas.  It  may  be  noted  that  it  may  be  easily 
proved  that  the  correction  to  be  applied  is  of  the  same  form  as 
that  foimd  in  §  71  and  equals 

which  reduces  to 

When  d"  =d!  the  correction  vanishes.  This  shows  that  when 
the  center  heights  are  equal  there  is  no  correction — regardless 
of  the  slope.  If  the  slope  is  uniform  throughout,  the  form  of  the 
correction  is  simplified  and  is  invariably  negative.  Under  the 
usual  conditions  the  correction  is  negatwe,  i.e.,  the  method 
generally  gives  too  large  results. 

74.  Level  sections.  When  the  country  is  very  level  or  when 
only  approximate  preliminary  results  are  required,  it  is  some- 
times a&sumed  that  the  cross- sections  are  level.  The  method  of 
level  sections  is  capable  of  easy  and  rapid  computation.  The 
area  may  be  written  as 

(a+d)2s-^ (50) 


jm?. 


! 

FiQ.  49. 

This    also  follows  from  Eq.  48  when  a=0  and  tan  ^««— . 

«  here  represents  the  "slope  ratio,"  i.e.,  the  ratio  of  the  horizontal 
projection  of  the  slope  to  the  vertical.  A  table  is  very  readily 
formed  giving  the  area  in  square  feet  of  a  section  of  gjv^w  Aa^fOa, 
find  for  any  given  width  of  roadbed  and  ralVo  o\  s^^^^o'^ssk. 
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The  area  may  also  be  readily  determined  (as  illustrated  in  the 
following  example)  without  the  use  of  such  a  table:  a  table  of 
squares  will  facilitate  the  work.  Assuming  the  cross-sectloDs 
at  equal  distances  (=/)  apart,  the  total  approximate  volume 
for  anj'^  distance  will  be 


^[Ao  +  2{A,+A,+  ..,An-^)+Anl    .     .     .     (51) 


The  prismoidal  correction  may  be  directly  derived  froso 
Eq.  46  as  j^[2(a+d')s-2(a+rf")«][(a  +  ^")-(«+^')],  which 
rediuces  to 

_|(d'_0'     or      -— A(d'_d'0^     .     .     (52) 


This  may  also  be  derived  from  Eq.  49,  since  a=0,  tan  a=Oy 
and  tan/?=2a-^6  This  correction  is  always  negative,  showing 
that  the  method  of  averaging  end  areas,  when  the  sections  are 
level,  always  gives  too  large  results  The  prismoidal  correction 
for  any  one  prismoid  is  therefore  a  constant  times  the  square 
of  a  difference.  The  squares  are  always  positive  whether  the 
differences  are  positiye  or  negative.  The  correction  therefore 
becomes 

—^^l^id'-d")' (53) 


75.  Numerical  example:  level  sections.  Given  the  following 
center  heights  for  the  same  number  of  consecutive  stations  100 
feet  apart;  width  of  roadbed  18  feet;  slope  IJ  to  1. 

The  products  in  the  fifth  column  may  be  obtained  very 
readily  and  with  sufficient  accuracy  by  the  use  of  the  slide-rule 
described  in    §79.      The    products    should    be    considered    as 

(a+d)(a+d)-i-~.    In  this  problem  8  =  li,  -  =  .6667.  To  apply 
s  s 

the  rule  to  the  first  case  above,  place  6667  on  scale  B  over  89 

on  scale  A,  then  opposite  89  on  scale  B  will  be  found  118.8  on 

scale  A.    The  position  of  the  decimal  point  will  be  evident  from 

an  approximate  mental  solution  of  the  problem. 
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Sta. 

Center 
Height. 

a+d 

(a+d)2 

(a+d)*« 

Areas. 

1 

(</'-.^)« 

J7 

I 

21 

2.© 
4.7 
6.8 
11.7 
4.2 
1.6 

.8.9 
10.7 
12.8 
17.7 
10.2 
7.6 

79.21 
114.49 
163.84 
313.29 
104.04 

57.76 

118.81 
171.74  1 
245.76  1 
469.93  f 
1.56.06  J 
86.64 

118.81 

[343.48 

^2=  J  491.62 

^^1  939  86 

1312.12 

86.64 

1.8 
2.1 
4.9 
7.5 
2.6 

3.24 

4.41 

24.01 

56.25 

6.76 

06 
2* 


6X18 


=  54 

1752.43X100 
2X27 

Corr. 


'3245  cub.  yards 


2292.43 

10X54==   540 

1752.43 

=  approx.  vol. 


100X18 


12X6X27^®^'^^ 
3245-91  =  3151  cub.  yds. 


='—91  cub.  yds. 
«=  exact  volume. 


94.67 


The  above  demonstration  of  the  correction  to  be  applied  to 
the  app&*oximate  vohime,  found  by  averaging  end  areas,  is  intro- 
diiCied  mainly  to  give  an  idea  of  the  amount  of  that  correction. 
Absolutely  level  sections  are  practically  unknown,  and  the  errot 
involved  ih  assuming  any  given  sections  as  truly  level  tviTl 
ordinarily  be  greater  than  the  computed  correction.  If  greatet 
accuracy  is  required,  more  points  should  be  obtained  in  the 
cross-sectioning,  which  will  generally  show  that  the  sections 
are  not  truly  level. 

76.  Equivalent  sections.  When  sections  are  very  irregular 
the  following  method  may  be  used,  especially  if  great  accuracy 
is  not  required.  The  sections  are  plotted  to  scale  and  then  a 
uniform  slope  line  is  obtained  by  stretching  a  thread  so  that  the 
undulations  are  averaged  and  an  equivalent  section  is  obtained. 
The  center  depth  (d)  and  the  slope  antjle  (a)  of  this  line  cun  be 
obtained  from  the  drawing,  but  it  is  more  convenient  to  measure 
the  distances  {xi  and  Xr)  from  the  center.  The  area  may  then 
be  obtained  independent  of  the  center  depth  as  follows:  Let 

««-the  slope  ratio  of  the  side  slopes  =  cot  /?  =  ^  -.     (See  Fig.  50.) 

Then  the 


Ai^a 


-W-T) 


{xi-VXr) 


Xr  Xr      XI  XI      ob 

~~s  2  ~7  2  ~  2 


XtXr      oh 
'~8  2"' 


V5^ 
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The  true  volume,  according  to  the  prismoidal  formula,  of  a 
length  of  the  road  measured  in  this  way  will  be 


[_    8  2"^^V2  2         s       2  J'^      s  2j 


If  computed  by  averaging  end  areas,  the  approximate  volume 
will  be 


ifxiWab     xrx/'      ahl 
2L    «         "2   "*"      s  2  J* 


Subtracting  this  result  from  the  true  volume,  we  obtain  as  the 
oorrection 

Correction  =  — (xz"-xz')(a;/-a:/0.    .     .     (55) 


This  shows  that  if  the  side  distances  to  either  the  right  or 
left  are  equal  at  adjacent  stations  the  correction  is  zero,  and 
also  that  if  the  difference  is  small  the  correction  is  also  small 
and  very  probably  within  the  limit  of  accuracy  obtainable  by 
that  method  of  cross-sectioning.  In  fact,  as  has  already  been 
shown  in  the  latter  part  of  §  75,  it  will  usually  be  a  useless 


Fia.  50. 

refinement  to  compute  the  prismoidal  correction  when  the 

method  of  cross-sectioning  is  as  rough  and  approximate  as  this 

method  generally  is. 

77.  Equivalent  level  sections.    These   sloping   "  two-level  '* 

SffCtioDs  are  sometimes  transformed  into  "  level  sections  of  equal 
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area,"  and  the  volume  computed  by  the  method  of  level  sections 
(§  74).  But  the  true  volume  of  a  prismoid  with  sloping  ends 
does  not  agree  with  that  of  a  prismoid  with  equivalent  bases  and 
level  ends  except  under  special  conditions,  and  when  this  method 
is  used  a  correction  must  be  applied  if  accuracy  is  desired, 
although,  as  intimated  before,  the  assumption  that  the  sections 
have  uniform  slopes  will  frequently  introduce  greater  inaccuracies 
than  that  of  this  method  of  computation.  The  following  dem- 
onstration is  therefore  given  to  show  the  scope  and  limitations 
of  the  errors  involved  in  this  much  used  method. 

In  Fig.  50,  let  d^  be  the  center  height  which  gives  an  equiva- 
lent level  section.    The  area  will  equal  (a+d^ys — ^, which 

must  equal  the  area  given  in  §  76,  -^--  — -.    5=2~" 

.-.  (a+d,ys=^-'^~\ 

or         a+(/i=^^^^ (56) 

To  obtain  rf,  directly  from  notes,  given  in  terms  of  d  and  a, 

we  may  substitute  the  values  of  xi  and  Xr  given  in  §  73,  which 

gives 

,   ,      /     ,  jx  tan  /?  a+d  .  ^. 

a+di  =  ia-\-d)  ^  •:=  =r.  .     (57) 

V  tan^  /?— tan^  a    vl  — «*  tan*  a 

The  true  volume  of  the  equivalent  section  may  be  repre- 
sented by 

^[(a+d.0H4(^'+»-i^)%(a+./0']. 

From  this  there  should  be  subtracted  the  volume  of  the 
"grade  prism"  under  the  roadbed  to  obtain  the  volume  of  the 
cut  that  would  be  actually  excavated,  but  in  the  following  com- 
parison, as  well  as  in  other  similar  comparisons  elsewhere  made, 
the  volume  of  the  grade  prism  invariably  cancels  out,  and  so  for 
the  sake  of  simplicity  it  will  be  disregarded.  This  expression 
lor  volume  may  be  transposed  to 


|[5jr:+4(v^+Vi 


2s 
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The  true  volume  of  the  prismoid  with  sloping  ends  is  (see  §  76) 

I  VxiW  ^.  I  (xi'  ^xr\  /xr'+x/'\  1  \  .  xrx/'l 


The  difference  of  the  two  volumes 

I 
=^ixiW+xi"x/+xiW  +Xi'W-Xi'Xr' 


=^^(\/x/xr" -\/a:/"a:/)^ 


^2VxVXr'Xi'W  -XrXr") 

.....,.,     (58) 


This  shows  that  "equivalent  level  sections"  do  not  in 
general  give  the  true  volume,  there  being  an  exception  when 
xi'xr"  =xi"xr  ,  This  condition  is  fulfilled  when  the  slope  is 
imiform,  i.e.,  when  a!  =^a".  When  this*  is  nearly  so  the  error 
is  evidently  not  large.  On  the  other  hand,  if  the  slopes  are  in- 
clined in  opposite  directions  the  error  may  be  very  considerable, 
particularly  if  the  angles  of  slope  are  also  large. 

78.  Three-level  sections.  The  next  method  of  cross-section- 
ing in  the  order  of  complexity,  and  therefore  in  the  order  of 
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accuracy,  is  the  method  of  three-level  sections.    The  area  of 
the  section  is  H^+d)[wr-\-wi)  —  -^j  which   may   be   written 
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|(a+d)t»— --,  in  which  w=Wr-\-wi     If  the  volume  is  com« 
puted  by  averaging  end  areas,  it  \vill  equal 

^(a+d')w'-ah+.{,a+d'')w"-ahl  .     .     .     (59) 

If  we  divide  by  27  to  reduce  to  cubic  yards,  we  have,  when 
I«100, 

Vol^. )-ff(a+d'K-|fa5+|f(a+c?"V-||a5 

For  the  next  section 

Vole,..   ,.j=ff(a  +  d"K'-|fo&+IKa+<i'")w;'"-ifo6 
For  a  partial  station  length  compute  as  usual  and  multiply 

result  by    — ^ —     The  prismoidal  correction  may  be 

obtained  by  applying  Eq  46  to  each  side  in  turn     For  the  left 
side  we  have 

j^[(a-{-d') -(^a+d'')]iwi'' -wi'),  which  equals 

±(d^-dn(wr-wir 

For  the  right  side  we  have,  similarly, 

±(d^^dn(w/'--wrr 

The  total  correction  therefore  equals 

-l^(d'-d'')[(wr+w/')  -W+Wr')] 
^-^{d'-d"){w"-w'). 

Reduced  to  cubic  yards,  and  with  Z=»100, 

Pris.  Corr.-||(d'-0(t^"-w;').     •    .     .    (60) 

When  this  result  is  compared  with  that  given  in  Eq.  55  there 
is  an  apparent  inconsistency.    If  two-leveV  grouii!^  \&  ^^i^ssA'st^^ 
119  but  »  speeial  case  of  three-level  ground,  \\:.  ^o>M  «».«ccv  «ia.>l 
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the  same  laws  should  apply  If,  in  Eq.  55.  Xr=Xr",  and  xi^' 
is  different  from  .r/,  the  equation  i educes  to  zero;  but  in  this 
case  d'  would  also  be  different  from  d":  and  since  x/'+x/ 
would  =w\  and  xi"  -\  Xr"  =w"  in  Eq.  60,  w" —w'  would  not 
equal  zero  and  the  correction  would  be  some  finite  quantity  and 
not  zero.  The  explanation  lies  in  the  difference  in  the  form 
and  volume  of  the  prismoidss,  according  to  the  method  of  the 
formation  of  the  warped  surfaces  If  the  surface  is  supposed  to 
be  generated  by  the  locus  of  a  line  moving  parallel  to  the  ends 
as  plane  directors  and  along  two  straight  lines  lying  in  the  side 
slopes,  then  xf "'*<*•  will  equal  \{xi'  -\-xi'),  and  Xr™'^- will  equal 
\{xr  -\-Xr")j  but  the  profile  of  the  center  line  will  not  be  straight 
and  c?»"^^-  will  not  equal  \{d'-^d").  On  the  other  hand,  if  the 
surfaces  be  generated  by  two  lines  moving  parallel  to  the  ends 
as  plane  directors  and  along  a  straight  center  line  and  straight 
side  lines  lying  in  the  slopes,  a  warped  surface  will  be  generated 
each  side  of  the  center  line,  which  will  have  uniform  slopes  on 
each  side  of  the  center  at  the  two  ends  and  nowliere  else  This 
shows  that  when  the  upper  surface  of  earthwork  is  warped  (as 
it  generally  is),  two-level  ground  should  not  be  considered  as  a 
special  case  of  three-level  ground.  This  discussion,  however, 
is  only  valuable  to  explain  an  apparent  inconsistency  and  error. 
The  method  of  two-level  ground  should  only  be  used  when 
such  refinements  as  are  here  disc\issed  are  of  no  importance  as 
affecting  the  accuracy. 

An  example  is  given  on  the  opposite  page  to  illustrate  the 
method  of  three-level  sections. 

In  the  first  column  of  yards 

210=|?(a+d)w;=||X7.3X31.l; 
507,  734,  etc.,  are  found  similarly; 
595=210-61+507-61; 
448  =  xVff('^07-61+734-6n; 
602  =y%(734  -61  +  392-61) ; 
449=392-61+179-61. 

For  the  prismoidal  correction, 

-20  =  |f(d'-d")(^"-'i^0=fi(2.6-8.1)(42.8-31.1) 
=  |K-5.5)(  +  11.7). 

ror  the  next  line,   —  3-j\fti[|f(-2.6)(+8.7)],  and  similarly 
for  the  rest.     The  "  F**  m  the  columns  oi  ceatei  heights,  as  well 
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as  in  the  columns  of  "right"  and  "left/*  are  inserted  to  indicate 

fiU  for  all  those  points.     Cut  would  be  indicated  by  "  C." 

25 
79.    Computation    of    products.     The    quantities  ^{xi-{-d)w 

25 
and   ^7  ^^  represent  in  each  case  the  product  of  two  variable 

terms  and  a  constant.  These  products  are  sometimes  obtained 
from  tables  which  are  calculated  for  all  ordinary  ranges  of  the 
variable  terms  as  arguments.     A  similar  talkie  computed  for 

25 

~{d'  —d"^{\D"  —w')    will    assist  similarly    in    computing    the 

prismoidal  correction.  Prof.  Charles  L.  Crandall,  of  Cornell 
University,  is  believed  to  be  the  first  to  prepare  such  a  set  of 
tables,  which  were  first  published  in  188G  in  "Tables  for  the 
Computation  of  Railway  and  Other  Earthwork."  Another 
easy  method  of  obtaining  these  products  is  by  the  use  of  a  slide- 
rule.  A  slide-rule  has  been  designed  by  the  author  to  accom- 
pany this  volume.*  It  is  designed  particularly  for  this  special 
work,  although  it  may  be  utilizcid  for  many  other  purposes  for 
which  slide-rules  are  valuable.  To  illustrate  its  use,  suppose 
(a  +  J)  =28.2,  and  w;= 62.4;  then 

25  .        ,,        28.2X62.4 
-^-(a-M)^=-      1.08'- 

Set  108  (which,  being  a  constant  of  fre(iucnt  use,  is  specially 
marked)  on  the  sliding  scale  (i^)  opposite  282  on  the  other  scale 
(.4),  and  then  opposite  624  on  scale  B  will  be  found  1629  on 
scale  A,  the  lfi2  beiiif^  read  directly  and  the  9  read  by  Qstima- 
tion,  Although  strict  rules  may  be  followed  foi*  poiutiug  off 
the  fuud  rusult,  it  only  requires  a  vety  simple  mental  ealeulation 
to  know  that  the  result  must  be  1629  rather  than  162.9  or 
16290.  For  products  leaa  than  1000  cubie  yards  the  result 
may  be  read  directly  from  the  scale  j  for  produf^ts  betwetm  1000 
aiid  5000  tJie  result  may  be  read  diteotly  to  thu  lu^tin^t   10 


I 


*  The  flr»t  edltton  of  Lhta  book  was  ootaTo^  nod  a  pastebruird  n.HmtM'itliiS^ 
especiiLlly  markei^i  ooeompuiltid  each  volumel  Cutttng  Jowh  thif  ^lurt  ij£ 
f^lm  pages  t;o  ^'  pockeL  hIk^  ^'  prarents  ttae  fi]C[>i't)oratlDu  of  tli^  rtjlri  witji  tlpni 
lire^K^nt  Litton,  jknj  slide-rule  with  a  IpgarJtliiiilc  umE;  -^^j  tiiclii.'*-  1  in;!,' ^nTt 
do  vquully  well  provided  thftb  the  lOS  umrk  isr  speculjly  iiJxtUip^^ui  :>  i 
readj^  VS&  In  computing  tti^  ""'"^"'  ija  tJHttittnitliMH^  ilMltll 
(/iBtiagruhthed  for  uae  in  oomputlng 
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yards,  and  the  tenths  of  a  division  estimated.  Between  5000  and 
iOOOO  yards  the  result  may  b(»  read  directly  to  the  nearest  20 
yards,  and  the  fraction  (estimated;  but  prisms  of  such  A-olunie 
will  never  be  found  as  simple  triangular  prisms — at  least,  an  as- 
sumption that  any  mass  of  ground  was  as  regular  as  this  would 
probably  involve  more  error  than  would  oq,cur  from  faulty  esti- 
mation of  fractional  parts.  Facilities^^r  reading  as  high  as 
10000  cubic  yards  would  not  havQ,>5een  put  on  the  scale  ex- 
cept for  the  necessity  of  finding  miich  products  as  |5(9. 1x9.5), 
for  example.  This  product  would  be  road  ofT  from  the  same 
part  of  the  rule  as  |5(91  XOo).  In  the  first  case  the  product 
(80.0)  could  be  read  directly  to  the  nearest  .2  of  a  cubic  yard, 
wliich  is  unnecessarily  accurate.  In  the  other  case,  the  prod- 
uct (8004)  could  only  be  obtained  by  estimating  ^*j  of  a  division. 
The  computation  for  the  prismoidal  correction  may  be  made 
similarly  except  that  the  divisor  is  3.24  instead  of  1.08.     For 

example,    l\(.^-5xn.7)=^~^^^.     Set   the   324  on  scale  B 

(also  specially  marked  like  108)  opposite  55  on  scale  .1,  and 
proceed  as  before. 

8o.  Five-level  sections.  Sometimes  the  elevations  over  each 
edge  of  the  roadbed  are  observed  when  cross-sectioning.  These 
are  distinctively  termed  "five-level  sections."  If  the  center, 
the  slope-stakes,  and  orie  intermediate  point  on  each  side  (not 
neccHsarily  over  the  edge  of  the  roadbed)  are  observed,  it  is 
termed  an  "irregular  section."  The  field-work  of  cro&s-section- 
ing  five-level  sections  is  no  less  than  for  irregular  sections  with 
on/e  intermediate  point;  the  computations,  although  capable  of 
peculiar  treatment  on  account  of  the  location  of  the  intermediate 
^int,  are  no  easier,  and  in  some  iespecta  more  laborious;  the 
icnjas-scctione  obtuiiieil  will  not  in  general  roprrs^^nt  the  actual 
croflS'Sectiona  as  truly  aswheji  tht*re  is  perfect  freedom  in  lot^a^ 
ing  the  intcrmedjate  point;  as  it  is  gunts rally  iuadv  i^ijibk*  or  un- 
oecessiirj*  to  employ  five-kvel  set^liooi!  tiiroujtliovit  the 
n  road,  the  rliange  from  octtj  ;p&t))iH]  t*>  lujot Utw  !xdds 
«kmen  t  of  iriacc  urat-y  m  n  r1  *  =  r-;  .  ■  i  i  1 1  •  ^  ■  ;■  ■  i  n  ( .■  t  j;  <  <  4^f 
method,  parti culnrtir  i.i     h      i  ,i         i  i  j^j 

t)u    tllL**«:*    nWt>Uli'-     '    '  .      I,    .  • 

fpi  to  note  xti        i   '   ' 
by  dWkLit/,    i       I        . 
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the  prismoidal  correction  by  adding  the  computed  corrections 
for  each  elementary  triangular  prismoid. 

8i.  Irregular  sections.  In  cross-sectioning  irregular  sections, 
the  distance  from  the  center  and  the  elevation  above  "grade" 
of  everj'  "break"  in  the  cross-section  must  be  observed.  The 
area  of  the  irregular  section  may  be  obtained  by  computing  the 
area  of  the  trapezoids  (y^ve,  in  Fig.  44)  and  subtracting  the  two 
external  triangles. .  For  Fig.  44  the  area  would  be 


hi+ki.  .      ki+d      ,d+jr     ,jr+kr. 


-2r) 


kr  +  hr- 


(^r-yr)'-^{xi^~)-^'(xr-^). 


Fia.  44, 


V  Expanding  this  and  collecting  terms,  of  which  many  will 

^ '  cancel,  we  obtain 

AreA  =  —     Xlkl  +  yiid—kl)  +Xrkr  +  yr(jr'-hr) 


'-IL 


+  2r(d-kr)+     (hl+hr) 


]• 


(61) 


An  examination  of  this  formula  will  show  a  perfect  regn- 

iArity  in  j*3  formation  which  will  enable  one  to  write  out  n 

^milar  formulfi  for  anv  section,  no  matter  how  irregular  or  how 

^ ' N 
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many  points  there  are,  without  any  of  the  preliminary  work. 
The  formula  may  be  expressed  in  words  as  follows: 

Area  equals  one-lwlj  the  sum  of  products  obtained  as  follows : 

the  distance  to  each  slope- stake  times  the  height  above, grade  of 
the  point  next  inside  the  slope-stake; 

the  distance  to  each  intermediate  point  m  turn  times  Uie  height  of 
thje  point  just  inside  minus  the  height  of  the  point  just  outside; 

finally,  one-half  the  width  of  the  roadbed  times  the  sum  of  the 
slope-stake  heights. 

If  one  of  the  sides  is  perfectly  regular  from  center  to  slope- 
stake,  it  is  easy  to  show  that  the  rule  holds  literally  good.  The 
"point  next  inside  the  slope- stake"  in  this  case  is  the  center; 
the  intermediate  terms  for  that  side  vanish.  The  last  term 
must  always  be  used.  The  rule  holds  good  for  three-level  sec- 
tions, in  which  case  there  are  three  terms,  which  may  be  reduced 
to  two.  Since  these  two  terms  arc  both  variable  quantities  for 
each  cross- section,  the  special  method,  given  in  §  78,  in  which 

one  term  (—lis  a  constant  for  all  sections,  is  preferable.     In 

the  general  method,  each  intermediate  "break"  adds  another 
term. 

82.  Volume  of  an  irregular  prismoid.     If  there  is  a  break  at 

one  cross-section  which  is  not  represented  at  the  next,  the  ridge 

(or  hollow)  implied  b}^  that  break  is  supposed  to  "vanish"  at 

the  next  section.     In  fact,  the  volume  will  not  be  correctly 

represented  unless  a  cross- section  is  taken  at  the  point  where 

the  ridge  or  hollow  "vanishes"  or  "runs  out  "     To  obtain  the 

true  prismoidal  correction  it  is  necessary  to  observe  on  the 

ground  the  place  where  a  break  in  an  adjacent  section,  which 

b  not  represented  in  the  section  being  taken,  runs  out.     For 

example,  in  Fig.  52,  the  break  on  the  left  of  section  A",  at  a 

J     distance  of  yi"  from  the  center,  is  observed  to  rim  out  in  section 

\     A'  at  a  distance  of  yi'  from  the  center.     The  volume  of  the 

,.    prismoid,  computed  by  the  prismoidal  formula  as  in  §  70,  will 

(involve  the  midsection,  to  obtain  the  dimension  of  which  would 
require  a  laborious  computation.  A  simpler  process  is  to  com- 
pute the  volume  by  averaging  end  areas  as  in  §  81  and  apply  a 
prismoidal  correction.  To  do  this  write  out  an  expression  for 
each  end  area  similar  to  that  given  in  Eq.  61.  The  sum  of 
theae  iMneas  times  =-  gives  the  approximate  \o\\vccvfe.     >^  \i^\^^;fe^ 
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for  partial  station  lengths,  multiply  the  result  by  —    jon • 

There  will  be  no  constant  subtractive  term,  f  fol),  as  in  §  78. 
The  (rue  prismoidal  correction  may  be  computed,  as  in  §  S3,  or 
the  following  approximate  method  may  be  used:  Consider  the 
irregular  section  to  be  three-level  ground  for  the  purpose  of 


FiG.  52. 


cofnputing  the  correction  only.  This  has  the  advantage  of  less 
labor  in  computation  than  the  use  of  the  true  prismoidal  correc- 
tion, and  although  the  error  involved  may  be  considerable  in 
individual  sections,  the  error  is  as  likely  to  be  positive  as  nega- 
tive, and  in  the  long  nm  the  error  will  not  be  large  and  generally 
will  be  much  less  than  would  result  by  the  neglect  of  any  pris- 
moidal correction. 

83.  True  prismoidal  correction  for  irregular  prismoids.  As 
intimated  in  §  82,  each  cross-section  should  be  assumed  to  have 
the  same  number  of  sides  as  the  adjacent  cross-section  when 
computing  the  prismoidal  correction.  This  being  done,  it  per- 
mits the  division  of  the  whole  prismoid  into  elementary  triangu- 
lar prismoids,  the  dimensions  of  the  bases  of  which  being  given 
in  each  case  by  a  vertical  distance  above  grade  line  and  by  the 
horizontal  distance  between  two  adjacent  breaks.  The  summa- 
tion of  the  prismoidal  corrections  for  each  of  the  elementary 
triangular  prismoids  will  give  the  true  prismoidal  correction. 
Assuming  for  an  example  the  cross-section  of  Fig.  44,  with  a 
cross-section  of  the  same  number  oi  sides,  and  >N\tVi  d\m<eitiavona 
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similarly  indicated,  for  the  other  end,  the  p^ismoidal  correction 
becomes  (see  Eq.  46) 


l^^W-hr 


)[(ar/"  -  yn  -  w  -  yn] + w  -  kniw  -  yn-  w  -  vn] 


+  (fcl'-Jfc,")(w"-I/l')  +  W'-rf")(j/l"-W')  +  (d'-d")(«r"-er') 

+  (V-*r")[(yr"-«r")-(yr'-«/)] 

+  (V-ibr")[(^/'-J/r'M-(av'-yr')]  +  (V-A/')[(ar"-I/r")-(.V-l/r')] 


-W-A,")[(x,"-i)-(.-'-|)] 
-(V-V')[(."-|)-(./-|)]] 


Expanding  this  and  collecting  terms,  of  which  many  will 
cancel,  we  obtain 

Pri8.Corr  =  ^[(xi''--xi')W-A:i'')  +  (l/i''--l//')[(d'-/ii')-(d''-Ai'0] 

+  («r"-zr')[(d'-A;/)-(d"-A;r")l] (62) 

By  pomparing  this  equation  with  Eq.  61  a  remarkable  coin- 
cidence in  the  law  of  formation  may  be  seen,  which  enables 
this  formula  to  be  written  by  mere  inspection  and  to  be  applied 
liumericaUy  with  a  minimum  of  labor  from  the  computations  for 
^nd  areas,  as  will  be  shown  (§  84)  by  a  numerical  example. 
For  each  term  in  Eq.  61,  as,  for  example,  yrUr^hr),  there  ii 
n  correction  term  in  Eq.  62  of  the  form 

(2/r" -2/rO[OV -A/) -(//' -^r")]. 

Each  one  of  these  terms  [2//',  ?//,  (//— ^/),  and  0*/'—^/')]  has 
been  previously  used  in  finding  the  end  areas  and  has  its  place 
in  the  computation  sheet.  The  summation  of  the  products  of 
these  difiPerences  times  a  constant  gives  the  total  true  prismoidal 
eonection  in  cubic  yards  for  the  whole  prismoid  considered. 

The  eonatant  is  the  same  as  that  computed  in  §  78,  i.e.,  {J. 

84.  Numerical  example;  irregular  sections;  voltmie  ttUK  ^s^).^ 
ytwioidal  oofreetion.    (See  page  98.) 

Bmdbed  18  feet  wide  in  cut;  slope  1^  to  !• 
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Sta. 

(cut 
Center -(  or 

(fill. 

Left. 

Right. 

19 
18 
17 
+  42 
16 

0.6c 
2.3c 
7.6c 
10.2c 
6.8c 

3.6c      /  2.3c  \     /  1.8c  \ 
14.4      V  8.2    /     V6.0    y 

4.2c           6  8c             3.2c 
15.3            8.4               5.2 

8.2c         10.2c             8.0c 

21.3  17.4               6.1 

12.2c       /I2  3c\        12  6c 
27.3        V22.0y          8.2 

8.9c                                7.6c 

22.4  12.0 

0.1c             0.4c 
4.2              9.6 

/l.9c\        l-2c 
V3.6;        10.8 

/  5.8c\        4.2c 
\».0)        15.3 

6.2c           8.4c 
7.5            21.6 

3.2c           2.6c 
4.1            12.9 

(1  rt  Q/»\ 
-^^  I  mean  that  it  was  noted  in 

the  field  that  the  break,  indicated  at  Sta.  17  as  being  17.4  to 
the  left,  ran  out  at  Sta.  16  +  42  at  22.0  to  the  left.  By  inter- 
polation between  8.2  and  27.3  the  height  of  this  point  is  computed 
as  12.3.  The  quantities  in  the  other  brackets  are  obtained 
similarly.  These  quantities  are  only  used  when  the  computation 
of  the  true  prismoidal  correction  is  desired.  They  are  not 
needed  in  computing  the  volume  by  averaging  end  areas,  nor 
are  they  used  at  all  if  the  prismoidal  correction  is  to  be  obtained 
by  assuming  (for  this  jnirpose)  the  ground  to  be  three-level  ground. 

In  the  tabular  form  on  page  99  the  figures  within  the  braces 
( — . — )  are  not  used  in  computing  the  volume,  but  are  only 
used  to  obtain  the  differences  of  widths  or  heights  with  which 
to  compute  the  triLe  prismoidal  correction.  It  may  be  noted, 
as  a  check,  that  the  volume,  computed  from  these  figures  in  the 
braces,  is  the  same  as  that  computed  from  the  other  figures 
The  figures  within  each  brace  (or  bracket)  constitute  a  group 
which  must  be  used  in  connection  with  a  group  which  has  the 
same  number  of  points,  on  the  same  side  of  the  center,  in  the 
next  cross-section,  previous  or  succeeding.  In  the  column  of 
"Yards"  under  "True  pris.  corr.,"  we  have,  for  example, 
(-5)=tVu(-7  +  0-8  +  3). 

Ss-  Volume  of  irregular  prismoid,  with  approximate  prismoidal 
correction.    If  the  prismoidal  correctiou  is  obtained  approxi-* 
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VOLUME  OF  IRREGULAR  PRI8MOID,   WITH  TRUE  PRISMOIDAL 
CORRECTION. 


True  pris.  corr. 

Sta. 

Width. 

Height. 

Yards. 

M^'-V^ 

h'-h" 

Yards. 

jr22.4 

^    12.0 

7.6 

158 

—  2.1 

—  23 

16 

'12.91t. 
4.lJ^ 

3.2 

40 

4.2 

16 

9.0 

11.5 

96 

Tr27.3 

^L  8.2 

12.6 

319 

+  4.9 

—5.0 

-7 

—  2.0 

—  15 

-3.8 

-0.1 

0 

i27.3 

12.3 

+  42 

L-^22.0 
(    8.2 

0.4 
—  2.1 

21.6"1p 

6.2 

124 

+  8.7 

-3.0 

-8 

1.8 

13 

+  3.4 

+  2.4 

+  3 

9.0 

20.6 

172 

378 

(-6) 

r21.3 

10.2 

201 

-6.0 

+  2.1 

-4 

L    17.4 

—  0.2 

—     3 

-4.6 

+0.6 

-1 

L  6.1 

—  2.6 

—  14 

—2.1 

+0.5 

0 

17 

15.3tT. 

8.or^ 

5.8 

—6.3 

+0.4 

-1 

3.4 

+  0.5 

-1.6 

0 

15.3]R 

7.6 

107 

9.0 

12.4 

103 

584 

(-3) 

ri5.3 

6.8 

95 

-6.0 

+  3.4 

-6 

L      8.4 

—  1.0 

—     7 

-9.0 

+0.8 

-2 

L  5.2 

—  4.5 

—  22 

-0.9 

+  1.9 

-I 

18 

10.8]R 
10.8lr> 
3.6f^ 

2.3 
1.9 
1.1 

23 

-4.5 

+  5.3 

-7 

9.0 

5.4 

45 

528 

(-16) 

L[14.4 

0.6 

8 

il4.4 

2.3 

-0.9 

+  4.5 

-1 

L-^    8.2 

—  1.8 

-0.2 

+  0.8 

0 

19 

I    6.0 

—  1.7 

+  0.8 

-2.8 

-1 

9.6"|p 

0.1 

1 

-1.2 

+  1.8 

-1 

0.2 

1 

+  0.6 

+  0.9 

0 

9.0 

4.0 

33 

177 

(-3) 

Approx.  vol.        =  1667 
True  pris.  corr     =»  —  27 

True  volume       =  1640  cubic  yards 


-27 


mately,  by  the  method  outHned  in  §  82,  the  process  will  be  as 
shown  in  the  tabular  form  on  page  100.  Not  only  is  the 
numerical  work  considerably  less  than  the  exact  method,  but  the 
discrepancy  in  cubic  yards  is  almost  insignificant. 

86.  Illustration  of  value  of  approximate  rules.  The  tabula- 
tion on  page  100  shows  that  when  the  volume  of  an  irre^viis^x. 
prismoid  is  computed  by  averaging  eud  ateaa  axi^  \s  <i«tx^^^,^ 
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VOLUME   OP   IRREGULAR  KlISMOID,  WITH   APPROXIMATE 
PRISMOIDAL   CORRECTION. 


Sta. 

W'lh 

tt'ght 

Yards. 

Cen. 
Height. 

Total 
width 

d'-d" 

w"-v/ 

Approx. 
pns.cojT. 

22.4 
12.0 

7.6 
-2.1 

158 
-23 

+  6.8 

35.3 

16 

12.9 

3.2 
4.2 

40 
16 

11.5 

96 

27.3 

12.6 

319 

+  10.2 

48.9 

-3.4 

+  13.6 

-14 

8.2 

-2.0 

-15 

+42 

21.6 
7.5 

6.2 
1.8 

124 
13 

9.0 

20.6 

172 

378 

(-6) 

21.3 

10.2 

201 

+   7.6 

36.6 

+  i.6 

-12.3 

-10 

17.4 

-0.2 

-   3 

17 

6.1 
15.3 

-2.6 
7.6 

-14 

107 

9.0 

12.4 

103 

584 

(-6) 

15.3 

6.8 

95 

+   2.3 

26.1 

+  5.3 

-10.5 

-17 

8.4 

-1.0 

-   7 

18 

5.2 

10.8 

-4.5 
2.3 

-22 
23 

9.0 

5.4 

45 

528 

(-17) 

14.4 

0.6 

8 

+  0.6 

24.0 

+  1.7 

-2.1 

-1 

19 

9.6 

0.1 

1 

4.2 

0.2 

1 

9  0 

4.0 

33 

177 

(-1) 

Approx.  volume     =  1667  —  30 

Approx.  pris.  corr.  =  —  30 

Corrected  volume  =  1637  cubic  yards 

by  considering  the  ground  as  three-level  ground  (for  the  pur- 
poses of  the  correction  only),  the  errcyr  for  the  different  sections 


§ 
> 

u 

H 

% 

pris. 
basis 
level 
d. 

vol. 
ted 
nter 
de 
only. 

Sections. 

s 

^8^ 

Error. 

-1 

Approx 

compu 

from  ce 

and  si 

heights 

Error. 

16. 

.16  +  42 

373 

378 

-  5 

-  6 

396 

-23 

16  +  42. 

.17 

581 

584 

-    3 

-  6 

-3 

577 

+  4 

17. 

.18 

512 

528 

-16 

—17 

•  -1 

463 

+49 

18. 

.19 

174 

177 

-  3 

-  1 

+  2 

147 

+27 

1640 

1667 

-27 

-30 

--3 

1583 

+57 

13  sometimes  positive  and  sometimes  negative,  and  in  this  case 
amojontg  to  only  3  yards  in  1640— less  than  J  of  1%.     If  the 
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prismoidal  correction  had  been  neglected,  the  error  would  have 
been  27  yards — nearly  2%.  The  approximate  results  are  here 
too  large  for  each  section — as  is  usually  the  case.  If  points 
between  the  center  and  slope-stakes  are  omitted  and  the  volume 
computed  as  if  the  ground  were  three-level  ground,  the  error  is 
quite  large  in  individual  sections,  but  the  errors  are  both  posi- 
tive and  negative  and  therefore  compensating. 

87.  Cross-sectioning  irregular  sections.  The  prismoids  con- 
sidered have  straight  lines  joining  corresponding  points  in  the 
two  cross-sections.  The  center  line  must  be  straight  between 
two  cross-sections.  If  a  ridge  or  valley  is  found  lying  diago- 
nally across  the  roadbed,  a  cross-section  mttst  be  inte^-polated  at 
the  lowest  (or  highest)  point  of  the  profile.  Therefore  a  "  break" 
at  any  section  cannot  be  s^id  to  run  out  at  the  other  section  on 
the  opposite  side  of  the  center.  It  must  run  out  on  the  same 
side  of  the  center  or  possibly  at  the  center.  Very  frequently 
complicated  cross-sectioning  may  be  avoided  by  computing  the 
volume,  by  some  special  method,  of  a  mound  or  hollow  when 
the  ground  is  comparatively  regular  except  for  the  irregularity 
referred  to. 

88.  Sid^hiU  work.  When  the  natural  slope  cuts  the  roadbed 
there  is  a  necessity  for  both  cut  and  fill  at  the  same  cross-section. 


Fig.  53. 


When  this  occurs  the  cross-sections  of  both  cut  and  fill  are  often 
so  nearly  triangular  that  they  may  be  considered  as  such  without 
great  error,  and  the  volumes  may  be  computed  separately  as 
triangular  prismoids  without  adopting  the  more  elaborate  form 
of  computation  so  necessary  for  complicated  vrre^xVax  «fcRNAssc\^. 
When  the  ground  is  too  irregular  for  Wiia  tVv^  \i^\.  ^«^  *^  ^» 
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follow  the  uniform  system.  In  computing  the  cut,  as  in  Fig.  53. 
the  left  side  would  be  as  usual;  there  would  be  a  small  center 
cut  and  an  ordinate  of  zero  at  a  short  distance  to  the  right  of  the 
center.  Then,  ignoring  the  fill,  and  applying  Eq.  61  strictly, 
we  have  two  terms  for  the  left  side,  one  for  the  right,  and  the 
term  involving  ih,  which  will  be  ihhi  in  this  case,  since  hr=Q, 
and  the  equation  becomes 

ATea.=^^xiki+yi{d—hi)  +Xrd+ibhi}, 

The  area  for  fill  may  also  be  computed  by  a  strict  application 
of  Eq.  61,  but  for  Fig.  54  all  distances  for  the  left  side  are  zero 
and  the  elevation  for  the  first  point  out  is  zero,    d  also  must  be 


considered  as  zero.     Following  the  rule,  §  81,  literally,  the  equa- 
tion becomes 

Areai^FiU)  =i[xrkr  +  yr(o—hr)+Zr(o—kr)  +  ib(o-]-hr)1 
which  reduces  to 

i[Xrkr  —  yrhr  —  Zrkr  +  ihhr]. 

(Note  that  Xr,  hr,  etc.,  have  different  significations  and  values 
in  this  and  in  the  preceding  paragraphs.)  The  ''terminal 
pyramids"  illustrated  in  Fig.  40  are  instances  of  side-hill  work 
for  very  short  distances.  Since  side-hill  work  always  implies 
both  cut  and  fill  at  the  same  cross-section,  whenever  either  the 
cut  or  fill  disappears  and  the  earthwork  becomes  wholly  cut  or 
wholly  fill,  that  point  marks  the  end  of  the  "side-hill  work," 
»nd ^  crQs^-sectiQn  -should  be  taken  at  this  point. 
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89.  Borrow-pits.     The  cross-sections  of  borrow-pits  will  vary 
not  only  on  account  of  the  undulations  of  the  surface  of  the 


ground,  but  also  on  the  sides,  according  to  whether  they  are 
made  by  widening  a  convenient  cut  (as  illustrated  in  Fig.  55) 
or  simply  by  digging  a  pit.  The  sides  should  always  be  prop- 
erly sloped  and  the  cutting  made  cleanly,  so  as  to  avoid  un- 
sightly roughness.  If  the  slope  ratio  on  the  right-hand  side 
(Fig.  55)  is  s,  the  area  of  the  triangle  is  ism^.  The  area  of  the 
section  is  i[ug  +  ig+h)v  +  (h+f)x  +  {j  +  k)y-\-(k+in)z—sm'^].  If 
all  the  horizontal  measurements  were  referred  to  one  side  as 
an  origin,  a  formula  similar  to  Eq.  61  could  readily  be  devel- 
oped, but  little  or  no  advantage  would  be  gained  on  account  of 
any  simplicity  of  computation.  Since  the  exact  volume  of  the 
earth  borrowed  is  frequently  necessary,  the  prismoidal  correc- 
tion should  be  computed;  and  since  such  a  section  as  Fig.  55 
does  not  even  approximate  to  a  three-level  section,  the  method 
suggested  in  §  82  cannot  be  employed.  It  will  then  be  neces- 
sary to  employ  the  exact  method,  §  83,  by  dividing  the  volume 
into  triangular  prismoids  and  taking  the  summation  of  their 
corrections,  found  according  to  the  general  method  of  §  71. 

90.  Correction  for  curvature.  The  volume  of  a  solid,  gen- 
erated by  revolving  a  plane  area  about  an  axis  lying  in  the 
plane  but  outside  of  the  area,  equals  the  product  of  the  given 
area  times  the  length  of  the  path  of  the  center  of  gravity  of  the 
area.  If  the  centers  of  gravity  of  all  cross-sections  lie  in  the 
center  of  the  road,  where  the  length  of  the  road  is  measured, 
there  is  absolutely  no  necessary  correction  for  curvature.  If  all 
the  cross-sections  in  any  given  length  were  exactly  the  same  and 
therefore  had  the  same  eccentricity,  the  correction  for  curvature 
would  be  very  readily  computed  according  to  the  above  prin- 
ciple. But  when  both  the  areas  and  the  eccentricities  vary 
from  point  to  point,  as  is  generally  the  case,  a  Wi'&at^XXc^'^  ^sxaRX 
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dolution  is  quite  complex,  both  in  its  derivation  and  application 
Suppose,  for  simplicity,  a  curved  section  of  the  road>  of  unifoim 
cross-sections  and  with  the  center  of  gravity  of  every  cross- 
section  at  the  same  distance  e  from  the  center  line  of  the  road 
The  length  of  the  path  of  the  center  of  gravity  will  be  to  the 
length   of   the   center   line   as   R±e  :  R.    Therefore   we   have 

R4-e 
True  vol.:  nominal  vol.  ::R±e:R.     /.  True  vo/.  =ZA— ^—  for 

K 

a  volume  of  uniform  area  and  eccentricity.     For  any  other  area 

and  eccentricity  we  have,  similarly.  True  vol.'  =IA' — ^— .    This 

K 

shows  that  the  effect  of  curvature  is  the  same  as  increasing  (ot 

diminishing)  the  area  by  a  quantity  depending  on  the  area  and 

eccentricity,  the  increased  (or  diminished)  area  being  found  by 

R  +  e 
multiplying  the  actual  area  by  the  ratio  —p--    This  being 

independent  of  the  value  of  Z,  it  is  true  for  infinitesimal  lengths. 
If  the  eccentricity  is  assumed  to  vary  uniformly  between  two 
sections,  the  equivalent  area  of  a  cross-section  located  midway 

between  the  two  end  cross-sections  would  be  Am— b • 

Therefore  the  volume  of  a  solid  which,  when  straight,  would  be 

— (A'+4Ato+A"),  would  then  become 
u 

TrwevoZ.=^rAXi2±eO+4A„(/2±^-)+A''(/2dze'')J. 

Subtracting  the  nominal  volume  (the  true  volume  when  the 
prismoid  is  straight),  the 

Correc^ion=±^r(A'4-2A„.)e'  +  (2A^+A'0e'' 1.        .     (63) 

Another  demonstration  of  the  same  result  is  given  by  Prof. 
C.  L.  Crandall  in  his  "Tables  for  the  Computation  of  Railway 
and  other  Earthwork,"  in  which  is  obtained  by  calculus  methods 
the  summation  .of  elementary  volumes  having  variable  areas 
with  variable  eccentricities.  The  exact  application  of  Eq.  63 
requires  that  A;»  be  known,  which  requires  laborious  computa- 


§91. 


EARTHWORK. 


105 


tions^  but  no  error  worth  considering  is  involved  if  the  equation 
is  written  approximately 


Curv,  corr,  ^^^(A  V+ A  V), 


.     (64) 


which  is  the  equation  generally  used.  The  approximation  con- 
sists in  assuming  that  the  difference  between  A'  and  Am  equals 
the  difference  between  A  „»  and  A"  but  with  opposite  sign.  The 
error  due  to  the  approximation  is  always  utterly  insignificant. 

Qi.  £ccentHcity  of  the  center  of  gravity.  The  determination 
of  the  true  positions  of  the  centers  of  gravity  of  a  long  series  of 
irregular  cross-sections  would  be  a  very  laborious  operation, 
but  fortunately  it  is  generally  sufficiently  accurate  to  consider 
the  cross-sections  as  three-level  ground,  or,  for  side-hill  work,  to 


Fig.  56. 


be  triangular,  for  the  purpose  of  this  correction..  The  eccentricity 
of  the  cross-section  of  Fig.  56  (including  the  grade  triangle)  may 
be  written 


e«= 


{a-\-d)XiXi 
3 


1   Xi^-Xr" 
3     Xi-\-Xr 


=  -{i^l-Xr). 


(65) 


The  side  toward  xi  being  considered  positive  in  the  above 
demonstration,  if  Xr>xiy  e  would  be  negative,  i.e.,  the  centvr 
of  gravity  would  be  on  the  right  side,    Thereior^,  lot  VXvc^^Arn'^ 
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ground,  the  correction  for  curvature  (see  Eq.  64)  may  be  W3:itten 
Correction  =  g^  [A'(x/  -x/)  +  A'\xr  -x/')]. 
Since  the  approximate  volume  of  the  prismoid  is 

in  which  V  and  7"  represent  the  number  of  cubic  yards  corre- 
sponding to  the  area  at  each  station,  we  may  write 

Corr.  in  cub.  yds.==  3^ ^'(^''  '^r)  +  V'W  -a:/')]-     -  (66) 

It  should  be  noted  that  the  value  of  e,  derived  in  Eq.  65,  is 
the  eccentricity  of  the  whole  area  including  the  triangle  under 
the  roadbed.  The  eccentricity  of  the  true  area  is  greater  than 
this  and  equals 

true  area  +  hab 

eX — T- —  =^1. 

true  area 

The  required  quantity  (AV  of  Eq.  64)  equals  true  areaXei 
which  equals  (tme  area  +  i(ib)Xe.  Since  the  value  of  e  is  very 
simple,  while  the  value  of  Ci  would,  in  general,  be  a  complex 
quantity,  it  is  easier  to  use  the  simple  value  of  Eq.  65  and  add 
^ab  to  the  area.  Therefore,  in  the  case  of  three-level  ground 
the  subtractive  term  |frt6  (§  78)  should  not  be  subtracted  in 
computing  this  correction.  For  irregular  ground,  when  com- 
puted by  the  method  given  in  §§81  and  82,  which  does  not 
involve  the  grade  triangle,  a  term  ^^ab  must  be  added  at  every 
station  when  computing  the  quantities  T''  and  V"  for  Eq.  66. 

It  should  be  noted  that  the  factor  1-^372,  which  is  constant 
for  the  length  of  the  curve,  may  be  computed  with  all  necessary 
accuracy  and  without  resorting  to  tables  by  remembering  that 


degree  of  curve' 

Since  it  is  useless  to  attempt  the  computation  of  railroad 
earthwork  closer  than  the  nearest  cubic  yard,  it  will  frequently 
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be  possible  to  write  out  all  curvature  corrections  by  a  simple 

mental  process  upon  a  mere  inspection  of  the  computation  sheet. 

Elq.  66  shows  that  the  correction  for  each  station  is  of  the  form 

V(xi—X') 
^  ^      '-.     3R  is  generally  a  large  quantity — for  a  6°  curve 
tilt  I 

it  is  2865.     (^xi—Zr)  is  generally  small.     It  may  frequently  be 

seen  by  inspection  that  the  product  V{xi—Xr)  is  roughly  twice 

or  three  times  SR,  or  perhaps  less  than  half  of  3i2,  so  that  the 

corrective  term  for  that  station  may  be  written  2,  3,  or  0  cubic 

yards,  the  fraction  being  disregarded.     For  much  larger  absolute 

amounts  the  correction  must  be  computed  with  a  correspondingly 

closer  percentage  of  accuracy. 

The  algebraic  sign  of  the  curvatiu-e  correction  is  best  deter- 
mined by  noting  that  the  center  of  gravity  of  the  cross-section  is 
on  the  right  or  left  side  of  the  center  according  as  a:  r  is  greater 
or  less  than  xi,  and  that  the  correction  is  positive  if  the  center  of 
gravity  is  on  the  outside  of  the  curve,  and  negative  if  on  the 
inside. 

It  is  frequently  found  that  xi  is  uniformly  greater  (or  uni- 
formly less)  than  Xr  throughout  the  length  of  the  curve.  Then 
the  curvature  correction  for  each  station  is  uniformly  positive  or 
negative.     But  in  irregular  ground  the  center  of  gravity  is  apt 


Fia,  57. 

to  be  irregularly  on  the  outside  or  on  the  inside  of  the  curve, 
and  the  curvature  correction  will  be  correspondingly  positive  or 
negative.  If  the  curve  is  to  the  right,  the  correction  will  be 
positive  or  negative  according  as  (xi—Xr)  is  positive  or  neg;at\\'e\ 
jf  tb^  cvrvfi  i^  to  the  left,  the  correction  Y»iVV  be  ^osyWx^  q>\  \vfe,"^- 
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tive  according  as  (xr—xi)  is  positive  or  negative.  Therefore 
when  computing  curves  to  the  right  use  the  form  (xi—Xr)  in 
Eqs.  66  and  68 ;  when  computing  curves  to  the  left  use  the  form 
(xr—xi)  in  these  equations;  the  algebraic  sign  of  the  correction 
will  then  be  strictly  in  accordance  with  the  results  thus  obtained. 
92.  Center  of  gravity  of  side-hill  sections.  In  computing  the 
correction  for  side-hill  work  the  cross-section  would  be  treated 
as  triangular  unless  the  error  involved  would  evidently  be  too 
great  to  be  disregarded.  The  center  of  gravity  of  the  triangle 
lies  on  the  line  joining  the  vertex  with  the  middle  of  the  base 
and  at  J  of  the  length  of  this  line  from  the  base.  It  is  therefore 
equal  to  the  distance  from  the  center  to  the  foot  of  this  line  plus 
J  of  its  horizontal  projection.     Therefore 

^^_av      XZ_    h        Xr 

~4      2  "^3      "12      6 

_b       XI      Xr 

^a'^3~3 

.l£.^  +  (,,_..)] (67) 

By  the  same  process  as  that  used  in  §  91  the  correction  equation 
may  be  written 

Corr.  in  cub.  yds.  =  ^\j'(j-^  C^ '' "  ^-'0  +  ^'"(1"  +  (-^'^  -^••")  )]  •      (68) 

It  should  ])e  noted  that  since  the  grade  triangle  is  not  used  in 
this  computation  the  volume  of  the  grade  prism  is  not  involved 
in  computing  the  quantities  F'  and  7". 

The  eccentricities  of  cross-sections  in  side-hill  work  are  never 
zero,  and  are  frequently  quite  large.  The  total  volume  is  gen- 
erally quite  small.  It  follows  that  the  correction  for  curvature 
is  generally  a  vastly  larger  proportion  of  the  total  volvune  than 
in  ordinary  three-level  or  irregular  sections. 

If  the  triangle  is  wholly  to  one  side  of  the  center,  Eq.  67  can 

still  be  used.     For  example,  to  compute  the  eccentricity  of  the 

triangle  of  fill,  Fig.  57,  denote  the  two  distances  to  the  slope- 
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stakes  by  ijr  and  —yt  (note  the  minus  sign).  Applying  Eq.  67 
literally  (noting  that  —  must  here  be  considered  as  negative  in 
order  to  make  the  notation  consistent)  we  obtain 


which  reduces  to 


^J["l  +  ^"2"-2")]' 


'=-|-[|+J/i+2/r]. 


As  the  algebraic  signs  tend  to  create  confusion  in  these 
formula?,  it  is  more  simple  to  remember  that  for  a  triangle 
lying  on  both  sides  of  the  center  e  is  always  numerically  equal 

to  -i  ^-\-{xi'>'Xi)    ,  and  for  a  triangle  entirely  on  one  side,  e  is 

1  r& 

numerically  equal  to—  «  +  ^h®  ^^^'^^'^^^l  sumoi  the  two  dis- 
tances out].  The  algebraic  sign  of  e  is  readily  determinable  as 
in  §  91. 

93.  Example  of  curvature  correction.    Assume  that  the  fill  in 

§78   occurred  on  a  G°  curve  to  the  right.    -yj=  .     The 

quantities  210,  507,  etc.,  represent  the  quantities  V,  F",  etc.^ 
since  they  include  in  each  case  the  61  cubic  yards  due  to  the 
grade  prism.     Then 


Vjxir^xr)  _  210(22.9-8.2)  ^3101.7  ^ 
3/2  2865  2865       "*" 


The  sign  is  plus,  since  the  center  of  gravity  of  the  cross-sec- 
tion is  on  the  left  side  of  the  center  and  the  road  curves  to  the 
right,  thus  making  the  true  volume  larger.  For  Sta.  18  the 
correction,  computed  similarly,  is  +3,  and  the  correction  for 
the  whole  section  is  1+3=4.  For  Sta.  18+40  the  correction 
is  computed  as  6  yards.  Therefore,  for  the  40  feet,  the  correc- 
tion is  TVff(3  +  6)  =3.6,  whicli  is  called  4.  Computing  the  others 
similarly  we  obtain  a  total  correction  of  +1G  c\3XV\c  ^«ut^^. 
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94.  Accuracy  of  earthwork  computations.  The  preceding 
methods  give  the  precise  volume  (except  where  approximations 
are  distinctly  admitted)  of  the  prismoids  which  are  supposed  to 
represent  the  volume  of  the  earthwork.  To  appreciate  the 
accuracy  necessary  in  cross-sectioning  to  obtain  a  given  accuracy 
in  volume,  consider  that  a  fifteen-foot  length  of  the  cross-section, 
which  is  assumed  to  be  straight,  really  sags  0.1  foot,  so  that  the 
cross-section  is  in  error  by  a  triangle  15  feet  wide  and  0.1  foot 
high.  This  sag  0.1  foot  high  would  hardly  be  detected  by  the 
eye,  but  in  a  length  of  100  feet  in  each  direction  it  would  make 
an  error  of  volume  of  1.4  cubic  yards  in  each  of  the  two  pris- 
moids, assuming  that  the  sections  at  the  other  ends  were  perfect. 
If  the  cross-sections  at  both  ends  of  a  prismoid  were  in  error  by 
this  same  amount,  the  volume  of  that  prismoid  would  be  in  error 
by  2.8  cubic  yards  if  the  errors  of  area  were  both  plus  or  both 
minus.  If  one  were  plus  and  one  minus,  the  errors  would 
neutralize  each  other,  and  it  is  the  compensating  character  of 
these  errors  which  permits  any  confidence  in  the  results  as 
obtained  by  the  usual  methods  of  cross-sectioning.  It  demon- 
strates the  utter  futility  of  at  tempting  any  closer  accuracy  than 
the  nearest  cubic  yard.  It  will  thus  be  seen  that  if  an  error 
really  exists  at  any  cross-section  it  involves  the  prismoids  on 
hoth  sides  of  the  section,  even  though  all  the  other  cross-sections 
are  perfect.  As  a  further  illustration,  suppose  that  cross-sec- 
tions were  taken  by  the  method  of  slope  angle  and  center  depth 
(§  73),  and  that  a  cross-section,  assumed  as  uniform,  sags  0.4 
foot  in  a  width  of  20  feet.  Assume  an  equal  error  (of  same 
sign)  at  the  other  end  of  a  100-foot  section.  The  error  of 
volume  for  that  one  prismoid  is  38  cubic  yards. 

The  computations  further  assume  that  the  warped  surface, 
passing  through  the  end  sections,  coincides  with  tiie  surface  of 
the  ground.  Suppose  that  the  cross-sectioning  had  been  done 
-vvith  mathematical  perfection;  and,  to  assume  a  simple  case, 
suppose  a  sag  of  0.5  foot  between  the  sections,  which  causes  an 
error  equal  to  the  volume  of  a  pyramid  having  a  base  of  20  feet 
(in  each  cross-section)  times  100  feet  (between  the  cross-sec- 
tions) and  a  height  of  0.5  foot.  The  volume  of  this  pyramid  is 
J(20X100)X0.5=333  cub.  ft.=12  cub.  yds.  And  yet  this  sag 
or  hump  of  6  inches  would  generally  be  utterly  unnoticed,  or 
at  least  disregarded. 

Whea  the  ground  is  very  rough  and  broken  it  is  sometime^ 
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practically  impossible,  even  with  frequent  cross-sections,  to 
locate  warped  surfaces  which  will  closely  coincide  with  all  the 
sudden  irregularities  of  the  ground.  In  such  cases  the  compu- 
tations are  necessarily  more  or  less  approximate  and  dependence 
must  be  placed  on  the  compensating  character  of  the  errors. 

95.  Approximate  computations  from  profiles.  As  a  means 
of  comparing  the  relative  amounts  of  earthwork  on  two  or 
more  proposed  routes  which  have  been  surveyed  by  preliminary 
surveys,  it  will  usually  be  sufficiently  accurate  to  compare  the 
areas  of  cutting  (assuming  that  the  cut  and  fill  are  approximately 
balanced)  as  shown  by  the  several  profiles  The  errors  involved 
may  be  large  in  individual  cases  and  for  certain  small  sections, 
but  fortunately  the  errors  (in  comparing  two  lines)  will  be 
largely  compensated.  The  errors  are  much  larger  on  side-hill 
work  than  when  the  cross-sections  are  comparatively  level. 
The  errors  become  large  when  the  depth  of  cut  or  fill  is  very 
great.  If  the  lines  compared  have  the  same  general  character 
as  to  the  slope  of  the  cross-sections,  the  proportion  of  side-hill 
work,  and  the  average  depth  of  cut  or  fill,  the  error  involved  in 
considering  their  relative  volumes  of  cutting  to  be  as  the  relative 
areas  of  cutting  on  the  profiles  (obtained  perhaps  by  a  plani- 
meter)  will  probably  be  small  If  the  volume  in  each  case  is 
computed  by  assuming  the  sections  as  levels  with  a  depth  equal 
to  the  center  cut,  the  error  involved  will  depend  only  on  the 
amount  of  side-hill  work  and  the  degree  of  the  slope.  If  these 
features  are  about  the  same  on  the  two  lines  compared,  the  error 
involved  is  still  less. 

FORMATION  OF  EMBANKMENTS. 

g6.  Shrinkage  of  earthwork.  The  evidence  on  this  subject 
as  to-  the  amount  of  shrinkage  is  very  conflicting,  a  fact  which 
is  probably  due  to  the  following  causes: 

1.  The  various  kinds  of  earthy  material  act  ver}-  differently 
as  respects  shrinkage.  I'here  has  been  but  little  uniformity  in 
the  classification  of  earths  in  the  tests  and  experiments  that  have 
been  made. 

2.  Very  much  depends  on  the  method  of  forming  an  embank- 
ment (as  will  be  shown  later).     Different  reports  have  been 
based   on   different  methods — often  without  nieiiXiovi  ^1  \Joa 
method. 
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3.  An  embankment  requires  considerable  time  to  shrink  to 
its  final  volume,  and  therefore  much  depends  on  the  time  elapsed 
between  construction  and  the  measurement  of  what  is  supposed 
to  be  the  settled  volume. 

P.  J.  Flynn  quotes  some  experiments  (Eng.  News,  May  1, 
1886)  made  in  India,  in  which  pits  were  dug  having  volumes  of 
400  to  600  cubic  feet.  The  material,  when  piled  into  an  em- 
bankment, measured  largely  in  excess  of  the  original  measure- 
ment— as  is  the  universal  experience.  The  pits  were  refilled 
with  the  same  material.  As  the  rains,  very  heavy  in  India, 
settled  the  material  in  the  pits,  more  was  added  to  keep  the  pits 
full.  Even  after  the  rainy  season  was  over,  there  was  in  every 
case  material  in  excess.  This  would  seem  to  indicate  a  per- 
manent expcnsiorif  although  it  is  possible  that  the  observations 
were  not  continued  for  a  sufficient  time  to  determine  the  final 
settled  volume. 

On  the  contrary,  notes  made  by  Mr.  Elwood  Morris  many 
years  ago  on  the  behavior  of  embankments  of  several  thousand 
cubic  yards,  formed  in  layers  by  carts  and  scrapers,  one  winter 
intervening  between  commencement  and  completion,  showed  in 
each  case  a  permanent  contraction  averaging  about  10%. 

All  authorities  agree  that  rockwork  expands  permanently 
When  formed  into  an  embankment,  but  tho  percentages  of 
expansion  given  by  different  authorities  differ  even  more  than 
with  earth — varying  from  8  to  90%.  Of  course  this  very  large 
range  in  the  coefficient  is  due  to  differences  in  the  character  of 
the  rock.  The  softer  the  rock  and  the  closer  its  similarity  to 
earth,  the  less  will  be  its  expansion.  On  account  of  the  conflict- 
ing statements  made,  and  particularly  on  account  of  the  influence 
of  methods  of  work,  but  little  confidence  can  be  felt  in  any 
given  coefficient,  especially  when  given  to  a  fraction  of  a  per 
cent,  but  the  consensus  of  American  practice  seems  to  average 
about  as  follows: 

Permanent  contraction  of  earth about  10% 

*  *  expansion  of  rock 40  to  60% 

These  values  for  rock  should  be  materially  reduced,  according 
to  judgment,  when  the  rock  is  soft  and  liable  to  disintegrate. 
The  hardest  rocks,  loosely  piled,  may  occasionally  give  even 
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higher  results.    The  following  is  given  by  several  authors  as 
the  permanent  contraction  of  several  grades  of  earth: 

Gravel  or  sand about     8% 

Clay *'       10% 

Loam "       12% 

Ijoose  vegetable  surface  soil *  *       15% 

It  may  be  noticed  from  the  above  table  that  the  harder  and 
cleaner  the  material  the  less  is  the  contraction.  Perfectly  clean 
gravel  or  sand  would  not  probably  change  volume  appreciably. 
The  above  coefficients  of  shrinkage  and  expansion  may  be  used 
to  form  the  following  convenient  table. 


Material. 

To  make  1000  cubic 

yards  of  embankment 

will  require 

1000  cubic  yards 
niea8ure<i  m  exca- 
vation will  make 

Gravel  or  sand 

10S7  cubic  yards 
1111       " 
11. S6      •• 
1176      " 

714      •• 

625      " 
measured  in  excavation 

920  cubic  yards 

Clay 

900      '* 

Ijoam 

880      " 

I.,oose  vegetable  soil 

Rock,  large  pieces 

small     '*      

850      " 
1400      " 
1600      " 
of  cnibanknient. 

97.  Allowance  for  shrinkage.  On  account  of  the  initial  ex- 
pansion and  subsequent  contraction  of  earth,  it  becomes  neces- 
sary to  form  embankments  higher  than  their  required  ultimate 
form  in  order  to  allow  for  the  subsequent  shrinkage.  As  the 
shrinkage  appears  to  be  all  vertical  (practically),  the  embank- 
ment must  be  formed  as  shown  in  Fig.  58.     The  effect  of  shrink- 


m'A 


Fig.  58. 


age  should  not  be  confounded  with  that  of  slipping  of  the  «\dfc%, 
which  is  especially  apt  to  occur  if  the  embankiwewX.  \^  ^viJo\^^\.^^ 
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to  heavy  rains  very  soon  after  being  formed,  and  also  when  the 
embankments  are  originally  steep.  It  is  often  difficult  to  form 
an  embankment  at  a  slope  of  1  :  1  which  will  not  slip  more  or 
less  before  it  hardens. 

Very  high  embankments  shrink  a  greater  percentage  than 
lower  ones.  Various  rules  giving  the  relation  between  shrink- 
age and  height  have  been  suggested,  but  they  vary  as  badly  as 
the  suggested  coefficients  of  contraction,  probably  for  the  same 
causes.  As  the  fact  is  unquestionable,  however,  the  extra 
height  of  the  embankment  must  be  varied  somewhat  as  in  Fig. 
59,  which  represents  a  longitudinal  section  of  an  embankment. 


Fig.  59. 

As  considerable  time  generally  elapses  between  the  completion 
of  the  embankment  and  the  actual  rimning  of  trains,  the  grade 
ad  will  generally  be  nearly  flattened  down  to  its  ultimate  form 
before  traffic  commences,  but  such  grades  are  occasionally  objec- 
tionable if  added  to  what  is  already  a  ruling  grade.  With  some 
kinds  of  soil  the  time  required  for  complete  settlement  may  be 
as  much  as  two  or  three  years,  but,  even  in  such  cases,  it  is 
probable  that  one-half  of  the  settlement  will  take  place  during 
the  first  six  months.  The  engineer  should  therefore  require 
the  contractor  to  make  all  fills  about  8  to  15%  (according  to  the 
material)  higher  than  the  profiles  call  for,  in  order  that  subse- 
quent shrinkage  may  not  reduce  it  to  less  than  the  required 
volume. 

98.  Methods  of  forming  embankments.  When  the  method  is 
not  otherwise  objectionable,  a  high  embankment  can  be  formed 
very  cheaply  (assuming  that  carts  or  wheelbarrows  are  used)  by 
dumping  over  the  end  and  building  to  the  full  height  (or  even 
higher,  to  allow  for  shrinkage)  as  the  embankment  proceed?. 
This  allows  more  time  for  shrinkage,  saves  nearly  all  the  cost  of 
spreading  (see  Item  4,  §  111),  and  reduces  the  cost  of  roadways 
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(Item  5).  Of  course  this  method  is  especially  applicable  when 
the  material  comes  from  a  place  as  high  as  or  higher  than  grade, 
so  that  no  up-hill  hauling  is  required. 

Another  method  is  to  spread  it  in  layers  two  or  three  feet 
thick  (see  Fig.  60),  which  are  made  concave  upwards  to  avoid 


Fig.  60. 

possible  sliding  on  each  other.  Spreading  in  layers  has  the 
advantage  of  partially  ramming  each  layer,  so  that  the  subse- 
quent shrinkage  is  very  small.  Sometimes  small  trenches  are 
dug  along  the  lines  of  the  toes  of  the  embankment.  This  will 
frequently  prevent  the  sliding  of  a  large  mass  of  the  embank- 
ment, which  will  then  require  extensive  and  costly  repairs,  to 
say  nothing  of  possible  accidents  if  the  sliding  occurs  after  the 
road  is  in  operation.  Incidentally  these  trenches  will  be  of 
value  in  draining  the  subsoil.  When  circumstances  require  an 
embankment  on  a  hillside,  it  is  advisable  to  cut  out  "steps"  to 
prevent  a  possible  sliding  of  the  whole  embankment.  Merely 
ploughing  the  side-hill  will  often  be  a  cheaper  and  sufficiently 
eflfective  method. 


Fio.  61. 


Occasionally  the  formation  of  a  very  high  and  long  embank- 
ment may  be  most  easily  and  cheaply  accomplished  by  buildva^ 
a  trestle  to  grade  and  opening  the  road.    Y.arWv  e«^  \Jaeix\i!<^ 
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procured  where  most  convenient,  perhaps  several  miles  away, 
loaded  on  ears  with  a  steam-shovel,  hauled  by  tlie  trainload,  and 
dumped  from  the  cars  with  a  patent  unloader.  On  such  a  large 
scale,  the  cost  per  yard  would  be  very  much  less  than  by  ordi- 
nary methods — enough  less  sometimes  to  more  than  pay  for  the 
temporary  trestle,  besides  allowing  the  road  to  be  opened  for 
traffic  very  much  earlier,  which  is  often  a  matter,  of  prime 
financial  importance.  It  may  also  obviate  the  necessity  for 
extensive  borrow-pits  in  the  immediate  neighborhood  of  the 
heavy  fill  and  also  utilize  material  which  would  otherwise  be 
wasted. 

COMPUTATION    OF   HAUL. 

99.  Nature  of  subject.  As  will  be  shown  later  when  analyz- 
ing the  cost  of  earthwork,  the  most  variable  item  of  cost  is  that 
depending  on  the  distance  hauled.  As  it  is  manifestly  imprac- 
ticable to  calculate  the  exact  distance  to  which  every  individual 
cartload  of  (iarth  has  been  moved,  it  becomes  necessary  to  devise 
a  means  which  will  give  at  least  an  equivalent  of  the  haulage  of 
all  the  earth  rnovcd.  Evidently  the  average  haul  for  any  mass 
of  earth  moved  is  equal  to  the  distance  from  the  center  of  grav- 
ity of  the  excavation  to  the  center  of  gravity  of  the  embank- 
ment formed  bv  the  excavated  material.  As  a  rough  approxi- 
mation the  center  of  gravity  of  a  cut  (or  fill)  may  sometimes  be 
considered  to  coincide  with  the  cc^itcr  of'gravity  of  that  part  of 
the  profile  repn^sonting  it,  but  the  error  is  frequently  very  large. 
The  c(*.nter  of  gravity  may  be  determined  by  various  methods, 
but  the  method  of  the  ''mass  diagram"  accomplishes  the  same  • 
ultimate  purpose  (the  determination  cf  the  haul)  with  all-suffi- 
cient accuracy  and  also  furnishes  other  valuable  information. 

100.  Mass  diagram.  In  Fig.  02  let  .17i'  .  .  ,  C/'  represent 
a  profile  and  grade  lin(;  drawn  to  the  usual  scales.  Assume  A' 
to  be  a  point  past  which  no  earthwork  will  be  haulcHl.  Such 
a  point  is  determined  by  natural  conditions,  as,  for  example,  a 
river  crossing,  or  one  end  of  a  long  l(»vel  stretch  along  which 
no  grading  is  to  be  done  except  the  formation  of  a  low  embank- 
ment from  the  mat^^ial  excavated  from  ample  drainage  ditches 
on  each  sid(j.  Above  the  profile  draw  an  indefinite  horizontal  line 
(ACn  in  Fig.  (i2),  which  may  be  called  the  "zero  line."     Above 

ev'ory  station  point  in  the  profile  draw  an  ordinate  (above  or  be- 
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low   the   zero   line)  which  will  represent  the  algebraic  sum  of 
the  cubic  yards  of  cut  and  fill 
(calling  cut  +  and  fill  -)  from 
the  point  A'  to  the  point  con- 
sidered.    The    computations    of 
these   ordinatcs  should   first  be 
made  in  tabular  form  as  shown 
below.     In  doing  this  shrinkage 
must  be  allowed  for  by  consider- 
ing    how     much     embankment 
would  actually  be  made  by  so 
many  cubic  yards  of  excavation 
of  such  material.     For  example, 
it  will  be  found  that  1000  cubic 
yards  of  sand  or  gravel,  measured 
in  place  (see  §  97),  will   make 
about  920  cubic  yards  of  embank- 
ment;   therefore  all  cuttings  in 
sand    or    gravel    should  be  dis- 
counted   in   about   this   propor- 
tion.  Excavations  in  rock  should 
be     increased    in     the     proper 
ratio.     In  short,  all  excavations 
should  be  valued  according  to  the 
amount   of  settled  embankment 
that  could  be  made  from  them. 
Place  in  tlie  first  column  a   list 
of  the  stations;    in   the  second 
column,the  numberof  cubicyards 
of  cut  or  fill  between  each  station 
and    the   preceding  station;    in 

the  third  and  fourth  columns,  the  kind  of  material  and  the  proper 
shrinkage  factor;  in  the  fifth  colunm,  a  repetition  of  the  quan- 
tities in  cubic  yards,  except  that  the  excavations  are  diminished 
(or  increased,  in  the  case  of  rock)  to  the  number  of  cubic  yards 
of  settled  embankment  which  may  be  made  from  them.  In 
the  sixth  eolumn  place  the  algebraic  sum  of  the  quantities  in  the 
fifth  colunm  (calling  cuts  +  and  fills  — )  from  the  starting- 
point  to  the  station  considered.  These  alfj;ebra\c  ^v\yc\s,  -aX  vi"as\\ 
station  will  be  the  ordinatcs,  drawn  \<o  some  scivW,,  ol  V\vfe  '«Na^^'r» 
curve.     The  scale  to  be  used  will  depend  sou\c>NVvaL\>  ow  >w\^<^^X^?ii'''- 
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of  fill  between  e'  and  h!  is  represented  by  the  difference  of  the 
ordinates  at  e  and  /i,  and  similarly  for  m'  and  /',  it  follows  that 
the  amount  to  be  borrowed  between  c'  and  h'  will  exactly  equal 
the  amount  wasted  between  m'  and  /'.  By  the  first  of  the  above 
methods  the  haul  is  excessive,  but  is  definitely  known  from  the 
mass  diagram,  and  all  of  the  material  is  utilized;  by  the  second 
method  the  haul  is  reduced  to  about  one-half,  but  there  is  a 
known  quantity  in  cubic  yards  wasted  at  one  place  and  the  same 
quantity  borrowed  at  another.  The  length  of  haul  necessary 
for  the  borrowed  material  would  need  to  be  ascertained;  also 
the  haul  necessary  to  waste  the  other  material  at  a  place  where 
it  would  be  unobjectionable.  Frequently  this  is  best  done  by 
widening  an  embankment  beyond  its  necessaiv  width.  The 
computation  of  the  relative  cost  of  the  above  methods  will  be 
discussed  later  (§  116). 

9.  Suppose  that  it  were  deemed  best,  after  drawing  the  mass 
curve,  to  introduce  a  trestle  between  s'  and  i?',  thus  saving  an 
amount  in  fill  equal  to  tv.  If  such  had  been  the  original  design, 
the  mass  curve  would  have  been  a  straight  horizontal  line  between 
s  and  i  and  would  continue  as  a  curve  which  would  be  at  all 
points  a  distance  tv  above  the  curve  vFmzfGg.  If  the  line  Ef  is 
to  be  used  as  a  zero  line,  its  intersection  with  the  new  curve  at  x 
will  show  that  the  material  between  £"'  and  z'  will  just  balance 
if  the  trestle  is  used,  and  that  the  amount  of  haul  will  be  meas- 
ured by  the  area  between  the  line  Ex  and  the  broken  line  Estx, 
The  same  computed  result  may  be  obtained  without  drawing 
the  auxiliary  curve  tx7i .  .  .  by  drawing  the  horizontal  line  zy 
at  a  distance  xz{=tv)  below  Ex.  The  amount  of  the  haul  can 
then  be  obtained  by  adding  the  triangular  area  between  Es  and 
the  horizontal  line  Ex,  the  rectangle  between  st  and  Ex,  and  the 
irregular  area  between  vFz  and  y  .  .  .  z  (which  last  is  evidently 
equal  to  the  area  between  tx  and  E  .  .  .  x).  The  disposal  of  the 
material  at  the  right  of  z'  would  then  be  governed  by  the  indica- 
tions of  the  profile  and  mass  diagram  which  would  be  found  at 
the  right  of  g\  In  fact  it  is  difficult  to  decide  with  the  best  of 
judgment  as  to  the  proper  disposal  of  material  without  having 
a  mass  diagram  extending  to  a  considerable  distance  each  side 
of  that  part  of  the  road  under  immediate  consideration. 

102.  Area  of  the  mass  curve.    The  area  may  be  computed 

JBOst!  readily  by  means  of  a  planimeter,  which  is  capable  with 

faaaaabJe  care  of  measuring  such  areas  'w\X\i  aa  %x^a.t  accuracy 
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as  is  necessary  for  this  work.  If  no  such  instrument  is  obtain- 
able, the  area  may  be  obtained  by  an  application  of  "  Simpson's 
rule."  The  ordinatos  will  usually  be  spaced  100  feet  apart. 
Select  an  even  number  of  such  spaces,  leaving,  if  necessary,  one 
or  more  triangles  or  trapezoids  at  the  ends  for  separate  and 
independent  computation.  Let  ?/o .  •  •  ?/n  be  the  ordinates,  i.e., 
the  nmnber  of  cubic  yards  at  each  station  of  the  mass  curve,  or 
the  figures  of  "column  six"  referred  to  in  §  100.  Let  the  uni- 
form distance  between  ordinates  (^100  feet)  be  called  1,  i.e., 
one  station.  Then  the  units  of  the  resulting  area  will  be  cubic 
yards  hauled  one  station.    Then  the 

Area =i[yo+ 4(2/1 -f2/a-^  .  •  .2/(»-i)+2(2/2+!/4+  • .  .y(n~a)+»«]-       (70) 

When  an  ordinate  occurs  at  a  substation,  the  best  plan  is  to 
ignore  it  at  first  and  calculate  the  area  as  above.  Then,  if  the 
diflference  involved  is  too  great  to  be  neglected,  calculate  the 
area  of  the  triangle  having  the  extremity  of  the  ordinate  at  the 
substation  as  an  apex,  and  the  extremities  of  the  ordinates  at  the 
adjacent  stations  as  the  ends  of  the  base.  This  may  be  done  by 
finding  the  ordinate  at  the  substation  that  would  be  a  propor- 
tional between  the  ordinates  at  the  adjacent  full  stations.  Sub- 
tract this  from  the  real  ordinate  (or  vice  versa)  and  multiply  the 
difference  by  JXl.  An  inspection  will  often  show  that  the 
correction  thus  obtained  would  be  too  small  to  be  worthy  of  con- 
sideration. If  there  is  more  than  one  substation  between  two 
full  stations,  the  corrective  area  will  consist  of  two  triangles  and 
one  or  more  trapezoids  which  may  be  similarly  computed,  if 
necessary. 

When  the  zero  line  (Fig.  62)  is  shifted  to  eE,  the  drop  from 
AC  (produced)  to  E  is  known  in  the  same  units,  cubic  yards. 
This  constant  may  be  subtracted  from  the  numbers  ("column 
6,"  §  100)  representing  the  ordinates,  and  will  thus  give,  with- 
out any  scaling  from  the  diagram,  the  exact  value  of  the  modi* 
fied  ordinates. 

103.  Value  of  the  mass  diagram.  The  great  value  of  the  mass 
diagram  lies  in  the  readiness  with  which  different  plans  for  the 
disposal  of  material  may  be  examined  and  compared.  When 
the  mass  curve  is  once  drawn,  it  will  generally  require  only  a 
Bhifting  of  the  horizontal  line  to  show  the  diapoasX  ol  \)cv^  xcv'aXfeTNs^ 
by  any  propoaed  method.    The  masa  diagram  a\ao  ^cw%  "^^^^ 
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extreme  length  of  haul  that  will  be  required  by  any  proposed 
method  of  disposal  of  material.  This  brings  into  consideration 
the  "limit  of  profitable  haul,"  which  will  be  fully  discussed  in 
§  116.  For  the  present  it  may  be  said  that  with  each  method 
of  carrying  material  there  is  some  limit  beyond  which  the  expense 
of  hauling  will  exceed  the  loss  resulting  from  borrowing  and 
wasting.  With  wheelbarrows  and  scrapers  the  limit  of  profit- 
able haul  is  comparatively  short,  \vith  carts  and  tram-cars  it  is 
much  longer,  while  with  locomotives  and  cars  it  may  be  several 
miles.  If,  in  Fig.  62,  eE  or  Ef  exceeds  the  limit  of  profitable 
haul,  it  shows  at  once  that  some  such  line  as  hklm  should  be 
drawn  and  the  material  disposed  of  accordingly. 

104.  Changing  the  grade  line.  The  formation  of  the  mass 
curve  and  the  resulting  plans  as  to  the  disposal  of  material  are 
based  on  the  mutual  relations  of  the  grade  line  and  the  surface 
profile  and  the  amounts  of  cut  and  fill  which  are  thereby  im- 
plied. If  the  grade  line  is  altered,  ever>'-  cross-section  is  altered, 
the  amount  of  cut  and  fill  is  altered,  and  the  mass  curve  is  also 
changed.  At  the  farther  limit  of  the  actual  change  of  the  grade 
line  the  revised  mass  curve  will  have  (in  general)  a  different 
ordinate  from  the  previous  ordinate  at  that  point.  P>om  that 
point  on,  the  revised  mass  curve  will  be  parallel  to  its  former 
position,  and  the  revised  curve  may  be  treated  similarly  to  the 
case  previously  mentioned  in  which  a  trestle  was  introduced. 
Since  it  involves  tedious  calculations  to  determine  accuratelv 
how  much  the  volume  of  earthwork  is  altered  by  a  change  in 
grade  line,  especially  through  irregular  countrj',  the  effect  on 
the  mass  curve  of  a  change  in  the  grade  line  cannot  therefore 
be  readily  determined  except  in  an  approximate  way.  Raising 
the  grade  line  will  evidently  increase  the  fills  and  diminish  the 
cuts,  and  vice  versa.  Therefore  if  the  mass  curve  indicated,  for 
example,  either  an  excessively  long  haul  or  the  necessity  for 
borrowing  material  (implying  a  fill)  and  wasting  material 
farther  on  (implying  a  cut),  it  would  be  possible  to  diminish  the 
fill  (and  hence  the  amount  of  material  to  be  borrowed)  by  lower- 
ing the  grade  line  near  that  place,  and  tliniinish  the  cut  (and 
hence  the  amount  of  material  to  be  wasted)  by  raising  the 
grade  line  at  or  near  the  place  farther  on.  Whether  the  advan- 
tage thus  gained  would  compensate  for  the  possibly  injurious 
effect  of  these  changes  on  the  grade  line  would  require  patient 
mvestigatioD.     But  the  method  outlined  shows  how  the  mass 
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curve  might  be  used  to  indicate  a  possible  change  in  grade  line 
which  might  be  demonstrated  to  be  profitable. 

105.  Limit  of  free  haul.  It  is  sometimes  specified  in  con- 
tracts for  earthwork  that  all  material  shall  be  entitled  to  free 
haul  up  to  some  specified  limit,  say  500  or  1000  feet,  and  that 
all  material  drawn  farther  than  that  shall  be  entitled  to  an 
allowance  on  the  excess  of  distance.  It  is  manifestly  imprac- 
ticable to  measure  the  excess  for  each  load,  as  much  so  as  to 
measure  the  actual  haul  of  each  loac^  The  mass  diagram  also 
solves  this  problem  very  readily.     Let  Fig.  63  represent  a  pro- 
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file  and  mass  diagram  of  about  2000  feet  of  road,  and  suppose 
that  800  feet  is  taken  as  the  limit  of  free  haul.  Find  two  points, 
a  and  b,  in  the  mass  curve  which  are  on  the  same  horizontal  line 
and  which  are  800  feet  apart.  Pioject  these  points  down  to  a' 
and  h'.  Then  the  cut  and  fill  between  a'  and  b'  will  just  balance, 
and  the  cut  between  A'  and  a'  will  be  needed  for  the  fill  between 
h'  and  C.  In  the  mass  curve,  the  area  between  the  horizontal 
line  ab  and  the  curve  aBb  represents  the  haulage  of  the  material 
between  a'  and  6',  which  is  all  free.  The  rectangle  obmn  repre- 
sents the  haulage  of  the  material  in  the  cut  A'a'  across  the  800 
feet  from  a'  to  6'.  This  is  also  free.  The  sum  of  the  two  areas 
Aam  and  bnC  represents  the  haulage  entitled  to  an  allowance, 
gince  it  is  the  summation  of  the  products  of  cubic  yards  times 
the  excess  of  distancv>  hauled. 
If  the  amount  of  cut  and  fill  was  symmetxicaV.  «\>ow\.  XNx'e;  ^oxsX 
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B'j  the  mass  curve  would  be  a  symmetrical  curve  about  the 
vertical  line  through  B^  and  the  two  limiting  lines  of  fiec  haul 
would  be  placed  symmetrically  about  B  and  B'.  In  general 
thete  is  no  such  symmetry,  and  frequently  the  diffcrciicti  is  con- 
siderable The  area  uBhnm  will  be  materially  changed  accord- 
itig  as  the  two  vertical  lines  nin  and  bn,  al\^•ays  800  feet  apart, 
a-re  shifted  to  the  right  or  left.  It  is  easy  to  show  that  the  aiea 
aSbnm  is  a  ntaximum  wiien  ab  is  horizontal.  The  minimum 
value  would  be  obtained  either  when  m  reached  A  ov  n  rea<ihed 
C,  depending  on  the  ex^ict  form  of  the  curve.  Since  the  posi- 
tion for  the  minimum  value  is  manifestly  unfair,  the  best  definite 
value  obtainable  is  the  maximum,  which  must  be  obtained  as 
above  described.  Since  aBbnm  is  made  maximum,  the  remainder 
of  the  area,  which  is  the  allowance  for  overhaul,  becomes  a  mini- 
mum The  areas  Aam  and  bCn  Tnay  be  obtained  as  in  §  102. 
If  the  whole  area  AaBbCA  has  been  previously  computed,  it 
may  be  mare  convenient  to  compute  the  area  aBbnm  and  sub- 
tract it  from  the  total  area. 

Since  the  intersections  of  the  mass  curve  and  the  "zero  line" 
mark  limits  past  which  no  material  is  drawn,  it  follows  that 
there  will  be  no  allowance  for  overhaul  exc-cpt  whore  the  dis- 
tance between  consecutive  intersections  of  the  zero  line  and  mass 
curve  exceeds  the  limit  of  free  haul. 

Frequently  all  allowances  for  overhaul  are  disregarded:  the 
profiles,  estimates  of  quantities,  and  the  required  disposal  of 
material  are  shown  to  bidding  contractors,  and  they  must  then 
make  their  own  allowances  and  -bid  accordingly.  This  method 
has  the  advantage  of  avoiding  possible  disputes  as  to  the  amount 
of  the  overhaul  allowance,  and  is  popular  with  railroad  com- 
panies on  this  account.  On  the  other  hand  the  facility  with 
which  different  plans  for  the  disposal  of  material  may  be  studied 
and  compared  by  the  mass-curve  method  facilitates  the  adoption 
of  the  most  economical  plan,  and  the  elimination  of  uncertainty 
will  frequently  lead  to  a  safe  reduction  of  the  bid,  and  so  the 
method  is  valuable  to  both  the  railroad  company  and  the  con- 
tractor. 

ELEMENTS    OF   THE    COST    OF    EARTHWORK. 

(The  following  analysis  of  the  cost  of  earthwork  follows  the 
general  method  /given  in  the  well-known  papers  published  by 
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EUwood  Morris,  C.E,,  in  the  Journal  of  the  Franklin  Institute 
in  September  and  October,  1841.  Numerous  corroborative 
data  have  been  obtained  from  various  otlier  sources,  and  also 
figures  <Mi  naethods  not  then  in  vogue.) 

To6.  Oeneral  divisions  of  the  subject.  Tho  variations  in  the 
cost  of  earthwork  are  caused  by  the  greatly  varjdng  conditions 
under  which  the  work  is  done,  chief  among  which  is  character 
(rf  nasuberial,  method  of  carriage,  and  length  of  haul.  Any  gen- 
eral system  of  computation  must  therefore  differentiate  the  total 
cost  into  such  elementary  items  tJiat  all  differences  due  to  varia- 
tions ia  conditions  may  be  allowed  for.  The  variations  due  to 
character  of  material  will  be  allowed  for  by  an  ostimate  on  loos'j 
light  sandy  soil,  and  also  an  estimate  on  the  heaviest  soils,  such 
as  stiff  clay  and  hard-pan.  These  represent  the  extremes  (ex- 
chicMng  rock,  which  will  be  treated  separately),  and  the  cost  of 
intermediate  grades  must  be  estimated  by  interpolating  between 
the  extreme  values.    The  general  divisions  of  the  subject  will  be :  * 

1.  Loosening. 

2.  Jjoading. 

3.  Hauling. 

4.  Spreading. 

5.  Keeping  roadways  in  order. 

6.  Repairs,  wear,  depreciation,  and  interest  on  cost  of  plant. 

7.  Superintendence  and  incidentals. 

8.  Contractor's  profit. 

By  making  the  estimates  on  the  basis  of  $1  pea*  day  for  the 
cost  of  common  labor,  it  is  a  simple  matter  to  revise  the  esti- 
mates according  to  the  local  price  of  labor  by  multiplying  the 
final  eirthnates  of  cost  by  the  price  of  labor  in  dollars  per  day. 

107.  Item  I.  LOOSENIWG.  (a)  Ploughs.  Very  light  sandy 
soils  can  frequently  be  shovelled  without  any  pre\'ious  loosening, 
but  it  is  generally  economical,  even  with  very  light  material,  to 
use  a  plou^.  Morris  quotes,  as  the  results  of  experiments, 
that  a  three-horse  plough  would  loosen  from  250  to  800  cubic 
yards  of  earth  per  day,  which  at  a  valuation  of  $5  per  day  would 
m&ke  the  cost  per  yard  vary  from  2  cents  to  O.G  cent.  Traut- 
wine  estimates  the  cost  on  the  basis  of  two  men  handling  a  two- 
horse  plough  at  a  total  cost  of  $8.87  per  day,  behig  $1  each  for 


*  Trautwine. 
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the  men,  75  c.  /or  each  horse,  and  an  allowance  of  37  c.  for  the 
plough,  harness,  etc.  From  200  to  600  cubic  yards  is  estimated 
as  a  fair  day's  work,  which  makes  a  cost  of  1.9  c.  to  0.65  c.  per 
yard,  which  is  substantially  the  same  estimate  as  above.  Ex- 
tremely heavy  soils  have  sometimes  been  loosened  by  means  of 
special  ploughs  operated  by  traction-engines. 

(b)  Picks.  When  picks  are  used  for  loosening  the  earth,  as 
is  frequently  necessary  and  as  is  often  done  when  ploughing 
would  perhaps  be  really  cheaper,  an  estimate  *  for  a  fair  day's 
work  is  from  14  to  60  cubic  yards,  the  14  yards  being  the  esti- 
mate for  stiff  clay  or  cemented  gravel,  and  the  60  yards  the  esti- 
mate for  the  lightest  soil  that  would  require  loosening.  At  $1 
per  day  this  means  about  7  c.  to  1.7  c.  per  cubic  yard,  which  is 
about  three  times  the  cost  of  ploughing.  Five  feet  of  the  face 
is  estimated  t  as  the  least  width  along  the  face  of  a  bank  that 
should  be  allowed  to  enable  each  laborer  to  work  with  freedom 
and  hence  economically. 

(c)  Blasting.  Although  some  of  the  softer  shaly  rocks  may 
be  loosened  with  a  pick  for  about  15  to  20  c.  per  yard,  yet  rock 
in  general,  frozen  earth,  and  sometimes  even  compact  clav  are 
most  economically  loosened  by  blasting.  The  subject  of  blast- 
ing will  be  taken  up  later,  §§  117-123. 

(d)  Steam-shovels.  The  items  of  loosening  and  loading 
merge  together  with  this  method,  which  will  therefore  be  treated 
in  the  next  section. 

io8.  Item  2.  Loading,  (a)  Hand-shovelling.  Much  depends 
on  proper  management,  so  that  the  shovellers  need  not  wait  un- 
duly either  for  material  or  carts.  With  the  best  of  management 
considerable  time  is  thus  lost,  and  yet  the  intervals  of  rest 
need  not  be  considered  as  entirely  lost,  as  it  enables  the  men  to 
work,  while  actually  loading,  at  a  rate  which  it  would  be  physi- 
cally impossible  for  them  to  maintain  for  ten  hours.  Seven 
shovellers  are  sometimes  allowed  for  each  cart;  otherwise  there 
should  be  five,  two  on  each  side  and  one  in  the  rear.  FiConomy 
requires  that  the  number  of  loads  per  cart  per  day  should  be 
made  as  large  as  possible,  and  it  is  therefore  wise  to  employ  as 
many  shovellers  as  can  work  without  mutual  interference  and 
without  wasting  time  in  waiting  for  material  or  carts.  The 
figures  obtainable  for  the  cost  of  this  item  are  unsatisfactory  on 
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account  of  their  large  disagreements.  The  following  are  quoted 
as  the  number  of  cubic  yards  that  can  be  loaded  into  a  cart  by 
an  average  laborer  in  a  working  day  of  ten  hours,  the  lower 
estimate  referring  to  heavy  soils,  and  the  higher  to  light  sandy 
soils:  10  to  14  cubic  yards  (Morris),  12  to  17  cubic  yards  (Has- 
koH),  18  to  22  cubic  yards  (Hurst),  17  to  24  cubic  yards  (Traut- 
wine),  16  to  48  cubic  yards  (Ancelin).  As  these  estimates  are 
generally  claimed  to  be  based  on  actual  experience,  the  discrep- 
ancies are  probably  due  to  differences  of  management.  If  the 
average  of  15  to  25  cubic  yards  be  accepted,  it  means,  on  the 
ba.sis  of  $1  per  day,  6.7  c.  to  4  c  per  cubic  yard.  These  esti- 
mates apply  only  to  earth.  Hackwork  costs  more,  not  only 
because  it  is  harder  to  handle,  but  because  a  cubic  yard  of  solid 
rock,  measured  in  place,  occupies  about  1.8  cubic  yards  when 
broken  up,  while  a  cubic  yard  of  earth  will  occupy  about  1.2 
cubic  yards.  Rockwork  will  therefore  require  about  50%  more 
loads  to  haul  a  given  volume,  measured  in  place ^  than  will  the 
same  nominal  volume  of  earthwork.  The  above  authorities  give 
estimates  for  loading  rock  varying  from  6.9  c.  to  10  c.  per  cubic 
yard.  The  above  estimates  apply  only  to  the  loading  of  carts 
or  cars  with  shovels  or  by  hand  (loading  masses  of  rock).  The 
cost  of  loading  wheelbarrows  and  the  cost  of  scraper  work  will 
be  treated  under  the  item  of  hauling. 

(b)  Steam-shovels.*  Whenever  the  magnitude  of  the  work 
will  warrant  it  there  is  great  economy  in  the  use  of  steam-shovels. 
These  have  a  "bucket"  or  "dipper"  on  the  end  of  a  long  beam, 
the  bucket  having  a  capacity  varying  from  J  to  2\  cubic  yards. 
Steam-shovels  handle  all  kinds  of  material  from  the  softest 
earth  to  shale  rock,  earthy  material  containing  large  boulders, 
tree-stumps,  etc.  The  capacity  of  the  larger  sizes  is  about  3000 
cubic  yards  in  10  hours.  They  perform  all  the  work  of  loosen- 
ing and  loading.  Their  economical  working  requires  that  the 
material  shall  be  hauled  away  as  fast  as  it  can  be  loaded, 
which  usually  means  that  cars  on  a  track,  hauled  by  horses  or 
mules,  or  still  better  by  a  locomotive,  shall  be  used.  The  ex- 
penses for  a  steam-shovel,  costing  about  $5000,  will  average 
about  $1000  per  month.     Of  this  the  engineer  will  get  $100;  the 

*  For  a  thorough  treatment  of  the  capabilities,  cost,  and  manaeement 
of  steam-shovels  the  reader  is  referred  to  '*  Steam-shove\a  awvV  "^V^axci-^as^ 
Work,*'  by  E.  A.  Y^ermann.    D.  V'an  Nostrand  Co.,  ^evi  ^oiVl. 
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fireman  $60;  the  cranesman  $90;  repairs  perhaps  $250  to  $300; 
coal,  from  15  to  25  tons,  cost  A'erj^  variable  on  account  of  expen- 
sive hauling;  water,  a  very  uncertain  amount,  sometimes  costing 
$100  per  month;  about  five  laborers  and  a  foreman,  the  laborers 
getting  $1.25  per  day  and  the  foreman  $2.50  per  day,  which  will 
amount  to  $227.50  per  month.  This  gang  of  laborers  is  em- 
ployed in  shifting  the  shovel  when  necessary,  taking  up  and 
relaying  tracks  for  the  cars,  shifting  loaded  and  unloaded  cars, 
etc.  In  shovelling  through  a  deep  cut,  the  shovel  is  operated 
so  as  to  undermine  the  upper  parts  of  the  cut,  which  then  fall 
down  within  reach  of  the  shovel,  thus  increasing  the  amount 
of  material  handled  for  each  new  position  of  the  shovel.  If  the 
material  is  too  tough  to  fall  down  by  its  own  weight,  it  is  some- 
times found  economical  to  employ  a  gang  of  men  to  loosen  it  or 
even  blast  it  rather  than  shift  the  shovel  so  frequently.  Non- 
condensing  engines  of  50  horse-power  use  so  much  water  that 
the  cost  of  water-supply  becomes  a  serious  matter  if  water  is 
not  readily  obtainable.  The  lack  of  water  facilities  will  often 
justify  the  construction  of  a  pipe  line  from  some  distant  source 
and  the  installation  of  a  steam-pump.  Hence  the  seemingly 
large  estimate  of  $100  per  month  for  water-supply,  although 
under  favorable  circumstances  the  cost  may  almost  vanish. 
The  larger  steam-shovels  will  consume  nearly  a  ton  of  coal  per 
day  of  10  hours.  The  expense  of  hauling  this  coal  from  the 
nearest  railroad  or  canal  to  the  location  of  the  cut  is  often  a  \'«ry 
serious  item  of  expense  and  may  easily  double  the  cost  i)er  ton. 
Some  steam -shovels  have  been  constructed  to  be  operated  by 
electricity  obtained  from  a  plant  perhaps  several  miles  away. 
Such  a  method  ft  especially  advantageous  when  fuel  and  water 
are  difficult  to  obtain. 

ICQ.  Item  3.  Hauling.  The  cost  of  hauling  depends  on  the 
number  of  round  trips  per  day  that  can  be  made  by  each  vehicle 
employed.  As  the  cost  of  each  vehicle  is  practically  the  same 
whether  it  makes  many  trips  or  few,  it  becomes  important  that 
the  number  of  trips  should  be  made  a  maximum,  and  to  that 
end  there  should  be  as  little  delay  as  possible  in  loading  and  un- 
loading. Therefore  devices  for  facilitating  the  passage  of  the 
vehicles  have  a  real  money  value. 

(a)  Carts,    The  average  speed  of  a  horse  hauling  a  two- 

wheeled  cart  has  l)een  found  to  be  200  feet  per  minute,  a  little 

slower  when  hauling  the  load  and  a  \\U\e  iaslet  -wlaau  returning 
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empty.  This  figure  has  been  repeatedly  verified.  It  means  an 
allowance  of  one  minute  for  each  100  feet  (or  "station")  of 
"lead — the  lead  being  the  distance  the  earth  is  hauled.'*  The 
time  lost  in  loading,  dumping,  waiting  to  load,  etc.,  has  been 
found  to  average  4  minutes  per  load.  Representing  the  num- 
ber of  stations  (100  feet)  of  lead  by  s,  the  number  of  loads 
handled  in  10  hours  (600  minutes)  would  be  600^(5+4).  The 
nimtiber  of  loads  per  cubic  y&zlj  measured  in  the  bank,  is  differ^ 
entiated  by  Morris  into  three  classes,  viz. : 

3  loads  per  cubic  yard  in  descending  hauling; 
3i  ''       *'      "       "     "  level  hauling;  and 

4  ' '       ' '       "       "     "  ascending  hauling. 

Attempts  have  been  made  to  estimate  the  efi'ect  of  the  grade 
of  the  roadway  by  a  theoretical  consideration  of  its  rate,  and  of 
the  comparative  strength  of  a  horse  on  a  level  and  on  various 
grades.  While  such  computations  are  always  practicable  on  a 
railway  (even  on  a  temporary  construction  track),  the  traction 
on  a  temporary  earth  roadway  is  always  very  large  and  so  very 
variable  that  any  refinements  are  useless.  On  railroad  earth- 
work the  hauling  is  generally  nearly  level  or  it  is  descending — 
forming  embankments  on  low  ground  with  material  from  cuts  in 
high  ground.  ,The  only  common  exception  occurs  when  an 
embankment  is  formed  from  borrow-pits  on  low  ground.  One 
method  of  allowing  for  ascending  grade  is  to  add  to  the  hori- 
zontal distance  14  times  the  difference  of  elevation  for  work 
with  carts  and  24  times  the  difTcrcnce  of  elevation  for  work 
with  wheelbarrows,  and  use  that  as  the  lead.  For  example, 
using  carts,  if  the  lead  is  300  feet  and  there  is  a  difference  of 
elevation  of  20  feet,  the  lead  would  be  considered  equivalent  to 
300 +  (14X20)  =580  feet  on  a  level. 

Trautwine  assumes  the  average  load  for  all  classes  of  work 
to  be  }  cubic  yard,  which  figure  is  justified  by  large  experience. 
Using  one  figure  for  all  classes  of  work  simplifies  the  calculations 
and  gives  the  number  of  cubic  yards  carried  per  day  of  10  hours 

equal  to     ,    .as-     Dividing  the  cost  of  a  cart  per  day  by  the 

number  of   cubic  yards  carried  gives  the  cost  of  hauling  per 
yard.     In  computing  the  cost  of  a  cart  per  day,  Trautwine 
refers  to  the  practice  of  having  one  driver  maiv^^^ii  "vovxx  v.vjxVe*^ 
t&ii9  making  a  charge  of  25  c.  per  day  for  cacb.  eax^  iox  \!tv^  v!a\N^\  v 
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75  c.  is  allowed  for  the  horse,  which  is  supposed  to  be  the  total 
cost,  including  that  for  Sundays  and  rainy  days.  25  c.  more  is 
allowed  for  the  cart,  harness,  repairs,  etc.,  thus  making  a  total 
cost  of  $1.25  per  day.  Some  contractors  employ  a  greater  nmn- 
ber  of  drivers  and  expect  each  to  assist  in  loading.  There  is 
found  to  be  no  saving  in  total  cost  per  yard,  while  the  chances 
of  loafing  are  perhaps  greater.  Morris  instances  five  actual  cases 
in  which  the  cost  of  the  cart  (reduced  to  the  basis  of  $1  per  day 
for  labor)  varied  from  $1.37  to  $1.48.  The  items  of  these  costs 
were  not  given. 

Since  the  time  required  for  loading  loose  rock  is  greater  than 
for  earthwork,  less  loads  will  be  hauled  per  day.  The  time 
allowance  for  loading,  etc.,  is  estimated  by  Trautwine  as  6 
minutes  instead  of  4  as  for  earth.  Considering  the  great  ex- 
pansion of  rock  when  broken  up  (see  §  97),  one  cubic  yard  of 
sohd  rock,  measured  in  place,  would  furnish  the  equivalent  of 
five  loads  of  earthwork  of  J  cubic  yard.  Therefore,  on  the 
basis  of  five  loads  per  cubic  yard,  the  number  of  cubic  yards 

handled  per  day  per  cart  would  be  —. ■^. 

o(s4-o) 

r.  -^               A'          *       125X5(5  +  6)  ,_. 

Cost  per  yard  m  cents  = ^^ -.    .     .     (71) 

(b)  Wagons.  For  longer  leads  (i.e.,  from  J  to  5  of  a  mile) 
wagons  drawn  by  two  horses  have  been  found  most  economical. 
The  wagons  have  bottoms  of  loose  thick  narrow  boards  and  are 
unloaded  very  easily  and  quickly  by  Hfting  the  individual  boards 
and  breaking  up  the  continuity  of  the  bottom,  thus  depositing 
the  load  directly  underneath  the  wagon.  The  capacity  is  about 
one  cubic  yard.  The  cost  may  be  estimated  on  the  same  prin- 
ciples as  that  for  carts. 

(c)  Wheelbarrows.  According  to  Trautwine,  the  speed  of 
moving  wheelbarrows  may  be  considered  the  same  as  for  carts, 
200  feet  per  minute;  the  time  spent  in  loading  and  dumping  is 
li  minutes,  and  in  addition  about  -^  of  the  time  is  wasted  in 
short  rests,  adjusting  the  wheeling  planks,  etc.  On  the  basis  of 
$1  per  day  for  labor,  an  allowance  of  5  c.  for  the  barrow,  and  14 
loads  per  cubic  yard,  the  cost  of  hauling  per  cubic  yard  (com- 
puted on  the  same  principles  as  above)  will  be 

105X14(8  +  1.25)  . 

600X0.9         ^'^ 
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For  rockwork  the  number  of  loads  per  cubic  yard  is  estimated 
as  24,  and  the  time  spent  in  loading,  etc.,  estimated  at  1.6  min- 
utes instead  of  1.25  minutes,  which  makes  the  estimate 

^    .             w         A     105x24(8+1.6)  __. 

Cost  per  cubic  yard 600X0  9  '     '    ^^ 

(d)  Scrapers.*  Scrapers,  or  scoops,  are  especially  useful  in 
canal  work,  and  also  for  railroad  work  when  a  low  embankment 
is  to  be  formed  from  borrow-pits  at  the  sides,  when  the  distance 
does  not  exceed  100  feet,  nor  the  vertical  height  15  feet.  The 
slope  should  not  exceed  1.5  to  1.  Under  these  conditions  scraper 
work  is  cheaper  than  any  other  method.  Scooping  may  be  done 
all  in  one  direction,  in  which  case  two  half -turns  are  made  for 
each  load  moved;  or  it  may  be  done  in  both  directions  (from 
both  sides  on  to  a  bank,  or,  in  canal  work,  from  the  center  to 
each  bank),  in  which  case  one  load  is  hauled  to  each  half-turn. 
The  capacity  of  the  scoops  (the  "drag"  variety)  is  ^V  cubic 
yard;  the  time  lost  in  loading,  unloading,  and  all  other  ways 
per  load  (except  in  turning)  will  average  J  minute;  the  time  lost 
in  each  half -turn  (semi-circle)  is  J  minute;  the  speed  of  the 
horses  may  be  estimated  as  70  feet  of  had  per  minute,  the  lead 
being  here  considered  as  the  sum  of  the  vertical  and  horizontal 
distances,  and  the  estimate  including  the  time  of  going  and  re- 
turning. If  a  represents  the  sum  of  the  horizontal  and  vertical 
distances,  the  number  of  cubic  yards  handled  per  day  of  10 
hours  by  "side-scooping"  will  be 

^     ^  4200 


0-1 1    ^    1  11  )>     which  equals 


70+lJ/'  ^  a+93f 


For  "double-scooping"  the  formula  becomes 
600    \ 


,  .  ,  ,        4200 

,     which  equals      — — =x. 
'  ^  a  +  70 


Dividing  the  cost  of  a  scraper  per  day  (estimated  at  $2.76)  by 
the  number  of  yards  handled  per  day  gives  the  average  cost  per 
yard. 


♦  CoDdeuaed  from  Joum.  Franklin  Inst.,  Oct.  \%4\,V»v  'NVom*. 
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Except  in  very  loose  sandy  soil  it  is  best  to  plough  the  earth 
first,  which  will  cost  a}>oiit  1  c.  per  yard.  (See  §  107.)  Drag- 
scrapers  are  now  made  chiefly  of  steel,  and  their  capacity  is  more 
nearly  0.15  cubic  yard.  Wheeled  scrapers,  having  a  capacity 
of  about  0.5  cubic  yard,  are  fre(|uenlly  usi;d  with  even  greater 
economy  and  for  greater  distances,  as  they  are  cheaper  than 
carts  up  to  250  or  300  feet  of  lead.  Both  drag-  and  wheel- 
scrapers  are  best  operated  in  gangs  of  perhaps  10,  using  extra 
or  "snap"  teams  to  help  load,  and  a  few  extra  men  to  help  in 
loading  and  unloading.  The  average  cost  of  one  scraper  per 
day  may  thus  be  easily  calculated  and  the  a\'erage  ntunber  of 
cubic  yards  handled  per  day  computed  as  above,  from  which 
the  cost  per  yard  may  be  estimated. 

(e)  Cars  and  horsesL  The  items  of  cost  by  this  method  are 
(a)  charge  for  horses  employed,  (6)  charge  for  men  employed 
strictly  in  hauling,  (c)  charge  for  sliifting  rails  when  necessary, 
(d)  repairs,  depreciation,  and  interest  on  cost  of  cars  and  track. 
Part  of  this  cost  should  strictly  be  classified  under  items  5  and 
G,  mentioned  in  §  106,  but  it  is  perliaps  more  convenient  to 
estimate  them  as  follows: 

The  traction  of  a  car  on  rails  is  so  very  small  and  constant 
that  grade  resistance  constitutes  a  very  large  part  of  the  total 
resistance  if  the  grade  is  1%  or  more.  For  a  I  ordinary  grades 
it  is  sufficiently  accurate  to  say  that  the  gradt;  resistance  is  to 
the  gross  weight  as  the  rise  is  to  the  distance.  If  the  distance 
is  supposed  to  be  measured  along  the  slope,  the  proportion  is 
strictly  true;  i.e.,  on  a  1%  grade  the  grade  resistance  is  1  lb. 
per  100  of  weight  or  20  lbs.  per  ton.  If  the  resistance  on  a 
level  at  the  usual  velocity  is  rlx)>  ^  grade  of  1 :  120  (0.83%)  will 
exactly  double  it.  If  the  material  is  hauled  down  a  grade  of 
1  :  120,  the  cars  will  run  by  gravity  after  being  started.  The 
work  of  hauling  will  then  consist  practically  of  hauling  the 
empty  cars  up  the  grade.  The  grade  resistance  depends  only 
on  the  rate  of  grade  and  the  weight,  but  the  tnictive  resistance 
will  be  greater  per  ton  of  weight  for  the  unloaded  than  for  the 
loaded  cars.  The  tractive  power  of  a  horse  is  less  on  a  grade 
than  on  a  level,  not  only  because  the  horse  raises  his  own  weight 
in  addition  to  the  load,  but  is  anatomically  less  capable  of 
pulling  on  a  grade  than  on  a  le\el.  In  general  it  will  be  pos- 
sible to  plan  the  work  so  that  loaded  ears  ncjed  not  be  hauled  up 
a  grade,   unless  an  embankment  is  to  be  formed  from  a  low 
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boiTOW-pit,  in  which  case  another  method  would  probably  be 
advisable.  These  computations  are  chiefly  utilized  in  designing 
the  method  of  work — the  proportion  of  horses  to  cars.  An 
example  may  be  quoted  from  English  practice  (Hurst)^  in  which 
the  cars  had  a  capacity  of  3 J  cubic  yards,  weighing  30  cwt. 
empty.  Two  horses  took  five  "wagons"  J  of  a  mile  on  a  level 
railroad  and  made  15  journeys  per  day  of  10  hours,  i.e.,  they 
handled  250  yards  per  day.  In  addition  to  those  on  the 
"straight  road,"  another  horse  was  employed  to  make  up  the 
train  of  loaded  wagons.  With  a  short  lead  the  straight-road 
horses  were  employed  for  this  purpose.  In  the  above  example 
the  number  of  men  required  to  handle  these  cars,  shift  the 
tracks,  etc.,  is  not  given,  and  so  the  exact  cost  of  the  above 
work  cannot  be  analyzed.  It  may  be  noticed  that  the  two 
horses  travelled  22i  miles  per  day,  drawing  in  one  direction  a 
load,  including  the  weight  of  the  cars,  of  about  57,300  lbs.,  or 
28.65  net  tons.  Allowing  i^j^  as  the  necessary  tractive  force, 
it  would  require  a  pull  of  477.5  lbs.,  or  239  lbs.  for  each  horse. 
With  a  velocity  of  220  feet  per  minute  this  would  amount  to 
IJ  horse-power  per  horse,  exerted  for  only  a  short  time,  how- 
ever, and  allowing  considerable  time  for  rest  and  for  drawing 
only  the  empty  cars.  The  cars  generally  used  in  this  countiy 
have  a  capacity  of  IJ  cubic  yards  and  cost  about  $05  apiece. 
Besides  the  shovellers  and  dumping-gang,  several  men  and  a 
foreman  will  be  required  to  keep  the  track  in  order  and  to  make 
the  constant  shifts  that  are  necessar\'.  Two  trains  are  generally 
used,  one  of  which  is  loaded  while  the  other  is  run  to  the  dump. 
Some  passing-place  is  necessary,  but  this  is  generally  provided 
by  having  a  switch  at  the  cut  and  running  the  trains  on  each 
track  aJtemately.  This  insures  a  train  of  cars  always  at  the  cut 
to  keep  the  shovellers  employed.  The  cost  of  hauling  per  cubic 
yard  can  only  be  computed  when  the  number  of  laborers,  cars, 
and  horses  employed  are  known,  and  these  will  depend  on  the 
lead,  on  the  character  of  the  excavation,  on  the  grade,  if  any, 
etc.,  and  must  be  so  proportioned  that  the  shovellers  need  not 
wait  for  cars  to  fill,  nor  the  dumping-gang  for  material  to  handl(», 
nor  the  horses  and  drivers  for  cars  to  haul.  Much  skill  is  neces- 
sary to  keep  a  large  force  in  smooth  running  order. 

(f)  Cars  and  locomotives.  30-lb.  rails  are  the  lightest  that 
should  be  used  for  this  work,  and  35-  or  4()-lb.  rails  are^  Vw^A^-^. 
One  or  two  narrow-gauge  locomotives  (depeudu\^  ow  \\\^ X^vvjgjOsx 
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of  haul),  costing  about  $2500  each,  will  be  necessary  to  handle 
two  trains  of  about  15  cars  each,  the  cars  having  a  capacity  of 
about  2  cubic  yards  and  costing  about  $100  each.  Some  cars 
can  be  obtained  as  low  as  $70.  A  force  of  about  five  mea  nnd 
a  foreman  will  be  required  to  shift  the  tracks.  The  track- 
shifters,  except  the  foreman,  may  be  common  laborers.  The 
dumping-gang  will  require  about  seven  men.  Elven  when  the 
material  is  all  taken  down  grade  the  grades  may  be  too  steep  for 
the  safe  hauling  of  loaded  (ars  down  the  grade,  or  for  hauHng 
empty  cars  up  the  grade.  Under  such  circumstances  temporary 
trestles  are  necessary-  to  reduce  the  grade.  \\'hcn  these  are 
used,  the  uprights  and  bracing  are  left  in  the  embankment- 
only  the  stringers  being  removed.  This  is  largely  a  necessity, 
but  is  partially  compensated  by  the  fact  that  the  trestle  forms  a 
core  to  the  embankment  which  prevents  lateral  shifting  during 
settlement.  The  average  speed  of  the  trains  may  be  taken  as 
10  miles  per  hour  or  5  miles  of  lead  per  hour.  The  time  lost 
in  loading  and  unloading  is  estimated  (Trautwhie)  as  9  minutes 
or  .15  of  an  hour.     The  number  of  trips  per  day  of  10  hours 

...  , 10 50 

will  equal  ^  ^^.^^^  ^^  lead) +  .15  ^^  (miles  of  lead)  f. 75"  ^^ 
course  this  quotient  must  be  a  whole  number.  Knowing  the 
number  of  trains  and  their  capacity,  the  total  number  of  cubic 
yards  handled  is  known,  which,  divided  into  the  total  daily  cost 
of  the  trains,  will  give  the  cost  of  hauling  per  yard.  I'he  daily 
cost  of  a  train  wilt  include 

(a)  Wages  of  engineer,  who  frequently  fires  his  own  engine; 

(b)  Fuel,  about  J  to  1  ton  of  bituminous  coal,  depending  on 
work  done; 

(c)  Water,  a  very  variable  item,  frequently  costing  $3  to  $5 
per  day; 

(d)  Repairs,  variable,  frequently  at  rate  of  50  to  60%  per 
year; 

(e)  Interest  on  cost  and  depreciation,  16  to  40%. 

To  these  must  be  added,  to  obtain  the  total  cost  of  the  haul, 

(/)  Wages  of  the  gang  employed  in  shifting  track. 

no.  Choice  of  method  of  haul  dependent  on  distance.     In 

light  side-hill  work  in  which  material  need  not  be  moved  more 

than  12  or  15  feet,  i.e.,  moved  laterally  across  the  roadbed,  the 

earth  may  be  mo^'ed  most  cheaply  by  mere  shovelling.     Beyond 

12  f^^t  6icraper&  are  niore  economical,    .^t  about  100  feet  drag- 
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scrapers  and  wheelbarrows  are  equally  economical.  Between 
100  and  200  feet  wheelbarrows  are  generally  cheaper  than  either 
carts  or  drag-scrapers,  but  wheeled  scrapers  are  always  cheaper 
than  wheelbarrows.  Beyond  500  feet  two-wheeled  carts  become 
the  most  economical  up  to  about  1700  feet;  then  four-wheeled 
wagons  become  more  economical  up  to  3500  feet.  Beyond  this 
cars  on  rails,  drawn  by  horses  or  by  locomotives,  become  cheaper. 
The  economy  of  cars  on  rails  becomes  evident  for  distances  as 
small  as  300  feet  provided  the  volume  of  the  excavation  will 
justify  the  outlay.  Locomotives  will  always  be  cheaper  than 
horses  and  mules  providing  the  work  to  be  done  is  of  sufficient 
magnitude  to  justify  the  purchase  of  the  necessary  plant  and 
risk  the  loss  in  selling  the  plant  ultimately  as  second-hand  equip- 
ment, or  keeping  the  plant  on  hand  and  idle  for  an  indefinite 
period  waiting  for  other  work.  Horses  will  not  be  economical 
for  distances  much  over  a  mile.  For  greater  distances  locomo- 
tives are  more  economical,  but  the  question  of  "limit  of  profit- 
able haul"  (§  116)  must  be  closely  studied,  as  the  circumstances 
are  certainly  not  common  when  it  is  advisable  to  haul  material 
much  over  a  mile. 

III.  Item  4.  SPREADING.  The  cost  of  spreading  varies  with 
the  method  employed  in  dumping  the  load.  When  the  earth  is 
tipped  over  the  edge  of  an  embankment  there  is  little  if  any 
necessary  work.  Trautwine  allows  about  i  c.  per  cubic  yard 
for  keeping  the  dumping-places  clear  and  in  order.  This  would 
represent  the  wages  of  one  man  at  $1  per  day  attending  to  the 
unloading  of  1200  two- wheeled  carts  each  carrying  J  cubic  yard. 
1200  carts  in  10  hours  would  mean  an  average  of  two  per  minute, 
which  implies  more  rapid  and  efficient  work  than  may  be  de- 
pended on.  The  allowance  is  probably  too  small.  When  the 
material  is  dumped  in  layers  some  levelling  is  required,  for  which 
Trautwine  allows  50  to  100  cubic  yards  as  a  fair  day's  work, 
costing  from  1  to  2  cents  per  cubic  yard.  The  cost  of  spread- 
ing will  not  ordinarily  exceed  this  and  is  frequently  nothing — 
all  depending  on  the  method  of  unloading.  It  should  be  noted 
that  Mr.  Morris's  examples  and  computations  (Jour.  Franklin 
Inst.y  Sept.  1841)  disregard  altogether  any  special  charge  for 
this  item. 

113.  Item  5.  Keeping  Roadways  in  order.  This  feature 
18  important  as  a  measure  of  true  economy,  whatever  tba  «v^\fe\CL 
of  transportation,  but  it  is  often  neglected.    A  peUy  «>8»n\xi%  m 
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such  matters  will  cost  many  times  as  much  in  increased  labor  in 
hauling  and  loss  of  time.  With  some  methods  of  haid  the  cost 
is  best  combined  with  that  of  other  items. 

(a)  Wheelbarrows.  Wheelbarrows  should  generally  be  run 
on  planks  laid  on  the  ground.  The  adjusting  and  shifting  of  these 
planks  is  done  by  the  wheelers,  and  the  time  for  it  is  allowed  for 
in  the  10%  allowance  for  "short  rests,  adjusting  the  wheeling 
plank,  etc."  The  actual  cost  of  the  planks  must  be  added,  but 
it  would  evidently  be  a  very  small  addition  per  cubic  yard  in  a 
large  contract.  When  the  wheelbarrows  are  run  on  planks 
placed  on  "horses"  or  on  trestles  the  cost  is  very  appreciable; 
but  the  method  is  frequently  used  with  great  economy.  The 
variations  in  the  requirements  render  any  general  estimate  of 
such  cost  impracticable. 

(b)  Carts  and  wagons.  The  cost  of  keeping  roadways  in  order 
for  carts  and  wagons  is  sometimes  estimated  merely  as  so  much 
per  cubic  yard,  but  it  is  evidently  a  fimction  of  the  had.  The 
work  consists  in  draining  off  puddles,  filling  up  ruts,  picking 
up  loose  stones  that  may  have  fallen  off  the  loads,  and  in  general 
doing  everything  that  will  reduce  the  traction  as  much  as  possi- 
ble. Temporary  inclines,  built  to  avoid  excessive  grade  at  some 
one  point,  are  often  measures  of  true  economy.  Trautwine 
suggests. T^^ff  c.  per  cubic  yard  per  100  feet  of  lead  for  earthwork 
and  j*jf  c.  for  rockwork,  as  an  estimate  for  this  item  when  carts 
are  used. 

(c)  Cars.  When  cars  are  used  a  shifting-gang,  consisting  of 
a  foreman  and  several  men  (say  five),  are  constantly  employed 
in  shifting  the  track  so  that  th(j  material  may  be  loaded  and  un- 
loaded where  it  is  desired.  The  average  cost  of  this  item  may 
be  estimated  by  dividing  the  total  daily  cost  of  this  gang  by  the 
number  of  cubic  yards  handled  in  one  day. 

113.  Item  6.  Repairs,  Wear,  Depreciation,  and  Intbrbst 
ON  COST  OF  Plant.  The  amount  of  this  item  evidently  depends 
upon  the  character  of  the  soil — the  harder  the  soil  the  worse  the 
wear  and  depreciation.  The  interest  on  cost  depends  on  the 
current  borrowing  value  of  money.  The  estimate  for  this  item 
has  already  been  included  in  the  allowances  for  horses,  carts, 
ploughs,  harness,  wheelbarrows,  steam-shovels,  etc.  Trautwine 
estimates  }  c.  per  cul)ic  yard  for  picks  and  shovels.  Deprecia- 
tion is  generally  a  large  percentage  of  the  cost  of  earth-working 
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tools,  the  life  of  all  being  limited  to  a  few  years,  and  of  many 
tools  to  a  few  months. 

X14.  Item  7.  SUPBRINTBNDBNCB  AND  INCIDBNTALS.  The  inci- 
dentals include  water-carriers,  trimming  cuts  to  grade,  digging 
the  side  ditches,  trimming  up  the  sides  of  borrow-pits  to  prevent 
their  becoming  unsightly,  etc.  These  last  operations  yield  but 
little  earth  and  cost  far  more  than  the  price  paid  per  cubic  yard. 
Morris  allows  1  c.  per  cubic  yard  for  this  item;  Trautwine  allows 
If  to  2  c.  for  it;  while  others  combine  items  6  and  7  and  call 
them  5%  of  the  total  cost,  which  method  has  the  merit  of  mak- 
ing the  cost  of  items  6  and  7  a  function  of  the  character  of  soil 
and  length  of  lead. 

115.  Item  8.  CONTRACTOR'S  PROFIT.  This  is  usually  esti- 
mated at  from  6  to  15%,  according  to  the  sharpness  of  the  com- 
petition and  the  possible  uncertainty  as  to  true  cost  owing  to 
unfavorable  circumstances.  The  contractor's  real  profit  may 
vary  considerably  from  this.  He  often  pays  clerks,  boards  and 
lodges  the  laborers  in  shanties  built  for  the  purpose,  or  keeps  a 
supply-store,  and  has  various  other  items  both  of  profit  and 
expense.  His  profit  is  largely  dependent  on  skill  in  so  handling 
the  men  that  all  can  work  effectively  \vithout  interference  or 
delays  in  waiting  for  others.  An  unusual  season  of  bad  weather 
will  often  affect  the  cost  very  seriously.  It  is  a  common  occur- 
rence to  find  that  two  contractors  may  be  working  on  the  same 
kind  of  material  and  under  precisely  similar  conditions  and  at 
the  same  price,  and  yet  one  may  be  making  money  and  the  other 
losing  it — all  on  account  of  difference  of  management. 

116.  Limit  of  profitable  haul.  As  intimated  in  §§  103  and 
110,  there  is  with  every  metliod  of  haul  a  limit  of  distance  be- 
yond which  the  expense  for  excessive  hauling  will  exceed  the 
loss  resulting  from  borrowing  and  wasting.  This  distance  is 
somewhat  dependent  on  local  conditions,  thus  requiring  an  inde- 
pendent solution  for  each  particular  case,  but  the  general  prin- 
ciples involved  will  be  about  as  follows :  Assume  that  it  has  been 
determined,  as  in  Fig.  62,  that  the  cut  and  fill  ^vill  exactly  bal- 
ance between  two  points,  as  between  e  and  a;,  assuming  that,  as 
indicated  in  §  101  (9),  a  trestle  has  been  introduced  between  s 
and  t,  thus  altering  the  mjiss  curve  to  Edxn .  . .  Since  there 
is  a  balance  between  A'  and  C,  the  material  for  the  fill  between 
C  and  e'  must  be  oUtaiTUKl  either  ])y  "borrowirii^"  in  the,  im.- 
mediate  neighborhood  or  by  transport  aUou  iroiw  xYvvi  ^"s^c^n^Xasscl 
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between  «'  and  n' .  If  cut  and  fill  have  been  approximately 
balanced  in  the  selection  of  grado  line,  as  is  ordinarily  done, 
borrowing  material  for  the  fill  C'e'  irailies  a  wastage  of  material 
at  the  cut  z'n' .  To  compare  the  two  methods,  we  may  place 
against  the  plan  of  borrowing  and  wasting,  (a)  cost,  if  any,  of 

.  extra  right  of  way  that  may  be  needed  from  which  to  obtain 
earth  for  the  fill  C'e'\  (b)  cost  of  loosening,  loading,  hauling 
a  distance  equal  to  that  between  the  centers  of  gravity  of  the 
borrow-pit  and  of  the  fill,  and  the  other  expenses  incidental  to 
borrowing  M  cubic  yards  for  the  fill  C'e';  (c)  cost  of  loosening, 
loading,  hauling  a  distance  equal  to  that  between  the  centers 
of  gravity  of  the  cut  z'n'  and  of  the  spoil-bank,  and  the  other 
expenses  incidental  to  wasting  M  cubic  yards  at  the  cut  z'n'; 
(d)  cost,  if  any,  of  land  needed  for  the  spoil-bank.  The  cost  of 
the  other  plan  will  be  the  cost  of  loosening,  loading,  hauling  (the 
hauling  being  represented  by  the  trapezoidal  figure  Cexn)y  and 
the  other  expenses  incidental  to  making  the  fill  C'e'  with  the 
material  from  the  cut  z'n',  the  amount  of  material  being  M  cubic 
yards,  which  is  represented  in  the  figure  by  the  vertical  ordi- 
nate from  e  to  the  line  Cn.  The  difference  between  these  costs 
will  be  the  cost,  if  any,  of  land  for  borrow-pit  and  spoil-bank 
plvLS  the  cost  of  loosening,  loading,  etc.  (except  hauling  and 
roadways)  of  M  cubic  yards,  minus  the  difference  in  cost  of  the 
excessive  haul  from  Ce  to  xn  and  the  comparatively  short  hauls 
from  borrow-pit  and  to  spoil-bank. 

As  an  illustration,  taking  some  of  the  estimates  previously 
given  for  operating  with  average  material,  the  cost  of  all  items, 
except  hauling  and  roadways,  would  be  about  as  follows: 
loosening,  with  plough,  1.2  c,  loading  5.0  c,  spreading  1.5  c, 
wear,  depreciation,  etc.,  .25  c,  superintendence,  etc.,  1.5  c; 
total  8.95  c.  Suppose  that  the  haul  for  both  borrowing  and 
wasting  averages  100  feet  or  1  station.  Then  the  cost  of  haul 
per  yard,  using  carts,  would  be  (§  109,  a)  [125X3(1 4- 4)] ^600 
=3.125  c.  The  cost  of  roadways  would  be  about  0.1  c.  per  yard, 
making  a  total  of  3.225  c.  per  cubic  yard.  Assume  Af  =  10000 
cubic  yards  and  the  area  Cexn  =  180000  yards-stations  or  the 
equivalent  of  10000  yards  hauled  1800  feet.  This  haul  would 
cost  [125X3(18  +  4)]^600  =  13.75  c.  per  cubic  yard.  The  cost 
of  roadways  will  be  18  X  .1  or  1.8  c,  making  a  total  of  15.55  c.  for 
hauUng  and  roadways.     The  difference  of  cost  of  hauling  and 

roadways  will  be  15.55 -(2X3.225)  =9.10  c.  per  yard  or  $910 
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for  the  10000  yards.  Offsetting  this  is  the  cost  of  loosening,  etc., 
10000  yards,  at  8.95  c,  costing  $895.  These  figures  may  be 
better  compared  as  follows : 


Long  Haul. 


f  Loosening,  etc.,  10000  yards,  ©    8.95  c.  $  895. 

J  Hauling,       '*       10000     "        (^  15.55  c.  1555. 


1 


$2450. 


lioosening,  etc.,  10000  yards  (borrowed),  (g^  8.95  c.    $895. 


.. 

10000     ' 

(wasted),      (^  8.95  c. 

895. 

Borrowing 

Hauling,  etc., 

10000     ' 

(borrowed),  (^  3.225  c. 

322.50 

AND                A 

Wasting. 

*' 

10000     * 

(wasted),      @  3.225  c. 

322.50 

I 


$2435.00 


These  costs  are  practically  balanced,  but  no  allowance  has 
been  made  for  right  of  way.  If  any  considerable  amount  had 
to  be  paid  for  that,  it  would  decide  this  particular  case  in  favor 
of  the  long  haul.  This  shows  that  under  these  conditions  1800 
feet  is  about  the  limit  of  profitable  haul,  the  land  costing  nothing 
extra. 

BLASTING. 

117.  Explosives.  The  effect  of  blasting  is  due  to  the  ex- 
tremely rapid  expansion  of  a  gas  which  is  developed  by  the 
decomposition  of  a  very  small  amount  of  solid  matter.  Blasting 
compoimds  may  be  divided  into  two  general  classes,  (a)  slow- 
burning  and  (6)  detonating.  Gunpowder  is  a  type  of  the  slow- 
burning  compounds.  These  are  generally  ignited  by  heat;  the 
ignition  proceeds  from  grain  to  grain;  the  heat  and  preasure 
produced  are  comparatively  low.  Nitro-glycerine  is  a  type  of 
the  detonating  compounds.  They  are  exploded  by  a  shock 
which  instantaneously  explodes  the  whole  mass.  The  heat  and 
pressure  developed  are  far  in  excess  of  that  produced  by  the 
explosion  of  powder.  Nitro-glycerine  is  so  easily  exploded 
that  it  is  very  dangerous  to  handle.  It  was  discovered  that  if 
the  nitro-glycerine  was  absorbed  by  a  spongy  material  like  infu- 
sorial earth,  it  was  much  less  liable  to  explode,  while  its  power 
when  actually  exploded  was  practically  equal  to  that  of  the 
amount  of  pure  nitro-glycerine  contained  in  the  dynamite,  which 
is  the  name  given  to  the  mixture  of  nitro-glycerine  and  infusorial 
earth.  Nitro-glycerine  is  expensive;  many  other  ^-^j^VmN^ 
chemical  compounds  which  properly  belou^  t^o  \\vft  ^q^-^^v^^^^'^ 
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class  are  comparatively  cheap.  It  has  been  eonclusirely  demon- 
strated that  a  mixture  of  nitro-glycerine  and  some  of  the  cheaper 
chemicals  has  a  greater  explosive  force  than  the  sum  of  the 
strengths  of  the  component  parts  when  exploded  separately. 
Whatever  the  reason,  the  fact  seems  established.  The  reason  is 
possibly  that  the  explosion  of  the  nitro-glycerine  is  sufficiently 
powerful  to  produce  a  detonation  of  the  other  chemicals,  which 
is  impossible  to  produce  by  ordinary'  means,  and  that  this  explo- 
sion caused  by  detonation  is  more  powerful  than  an  ordinary' 
explosion.  The  majority  of  the  explosive  compounds  and 
"powders"  on  the  market  are  of  this  character — a  mixture  of 
20  to  60  per  cent,  of  nitro-glycerine  with  variable  proportions  of 
one  or  more  of  a  groat  variety  of  explosive  chemicals. 

The  choice  of  -the  explosive  depends  on  the  character  of  the 
rock.  A  hard  brittle  rock  is  most  effectively  blasted  by  a 
detonating  compound.  The  rapidity  with  which  the  full  force 
of  the  explosive  is  developed  has  a  shattering  effect  on  a  brittle 
substance.  On  the  contrary,  some  of  the  softer  tougher  rocks 
and  indurated  clays  are  but  little  affected  by  dynamite.  The 
result  is  but  little  more  than  an  enlargement  of  the  blast-hole. 
Quarrying  must  generally  be  done  with  blasting-powder,  as  the 
quicker  explosives  are  too  shattering.  Although  the  results 
obtained  by  various  experimenters  are  very  variable,  it  may  be 
said  that  pure  nitro-glycerine  is  eight  times  as  powerful  as  black 
powder,  dynamite  (75%  nitro-glycerine)  six  times,  and  gun- 
cotton  four  to  six  times  as  powerful.  For  open  work  where 
time  is  not  particularly  valuable,  black  powder  is  by  far  the 
cheapest,  but  in  tunnel-headings,  whose  progress  determines  the 
progress  of  the  whole  work,  dynamite  is  so  much  more  effective 
and  so  expedites  the  work  that  its  use  becomes  economical. 

1 1 8.  Drilling.  Although  many  very  complicated  forms  of 
drill-bars  have  been  devised,  the  best  form  (with  slight  modifi- 
cations to  suit  circumstances)  is  as  shown  in  Fig.  64,  (a)  and  (6). 
The  width  should  flare  at  the  bottom  (a)  about  15  to  30%.  For 
hard  rock  the  curve  of  t  he  edge  should  be  somewhat  flatter  and 
for  soft  rock  somewhat  more  curved  than  shown.  Fig.  64,  (a). 
Sometimes  the  angle  of  the  two  faces  is  varied  from  that  given, 
Fig.  64,  (h),  and  occasionally  the  edge  is  purposely  blunted  so 
as  to  give  a  crushing  rather  than  a  cutting  effect.  The  drills 
iviU  require  sharpening  for  each  6  to  18  inches  depth  of  hole, 
and  will  require  a  new  edge  to  be  worked  every  2  to  4  days. 


§119. 


EARTHWORK. 


141 


Fof  drilling  vertical  holes  the  chum-drill  is  the  most  econom- 
ical. The  drill-bar  is  of  iron,  about  6  to  8  feet  long,  li"  in 
diameter,  weighs  about  25  to  30  lbs.,  and  is  shod  with  a  piece 
of  steel  welded  on.  The  bar  is  lifted  a  few  inches  between  each 
blow,  turned  partially  around,  and  allowed  to  fall,  the  impact 
doing  the  work.  From  5  to  15  feet  of  holes,  depending  on  the 
character  of  the  rock,  is  a  fair  day's  work — 10  hours.  In  very 
soft  i*ocks  even  more  thaii  this  may  be  done.     This  method  is 


Fig.  64. 


inapplicable  for  inclined  holes  or  even  for  vertical  holes  in  con- 
fined places,  such  as  tunnel-hoadings.  For  such  places  the  only 
practical  hand  method  is  to  use  hammers.  This  may  be  done 
by  light  drills  and  light  hammers  (one-man  work),  or  by  heavier 
drills  held  by  one  man  and  struck  by  one  or  two  men  with  heavy 
hammers.  The  conclusion  of  an  exhaustive  investigation  as  to 
the  relative  economy  of  light  or  heavy  hammers  is  that  the  light- 
hammer  method  is  more  economical  for  the  softer  rocks,  the 
heavy-hammer  method  is  more  economical  for  the  harder  rocks, 
but  that  the  light-hammer  method  is  always  more  expeditious 
and  hence  to  be  preferred  when  time  is  important. 

The  subject  of  machine  rock-drills  is  too  vast  to  be  treated 
here.  The  method  is  only  practicable  when  the  amount  of 
work  to  be  done  is  large,  and  especially  when  time  is  valuable. 
The  machines  are  generally  operated  by  compressed  air  for  tun- 
nel-work, thus  doing  the  additional  service  of  supplying  fresh 
air  to  the  tunnel-headings  where  it  is  most  nced(*d.  The  cost 
per  foot  of  hole  drilled  is  quite  variable,  but  is  usually  some- 
what less  than  that  of  hand-drilling— sometimes  but  a  small 
fraction  of  it. 

110.  Position  and  direction  of  drill-holes.  As  the  cost  of 
drilling  holes  is  tho  largest  single  itoni  in  the  total  co?>.\)  ol  V\\\s>\)- 
mgj  it  is  necessary  tliat  skill  and  judgmeni  s\\ow\c\V)^  M^^<i vcv "^^ 
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locating  the  holes  that  the  blasts  will  be  most  effective.  The 
greatest  effect  of  a  blast  will  evidently  be  in  the  direction  of  the 
''line  of  leEist  resistance."  In  a  strictly  homogeneous  material 
this  will  be  the  shortest  line  from  the  center  of  the  explosive  to 
the  surface.  The  variations  in  homogeneity  on  accoimt  of 
laminations  and  seams  require  that  each  case  shall  be  judged 
according  to  experience.  In  open-pit  blasting  it  is  generally 
easy  to  obtain  two  and  sometimes  three  exposed  faces  to  the 

rock,  making  it  a  simple  matter 
to  drill  holes  so  that  a  blast  will 
do  effective  work.  When  a  solid 
face  of  rock  must  be  broken  into, 
as  in  a  tunnel-heading,  the  work 
is  necessarily  ineffectual  and  ex- 
pensive. A  conical  or  wedge- 
shaped  mass  will  first  be  blown 
out  by  simultaneous  blasts  in 
the  holes  marked  1,  Fig.  65; 
blasts  in  the  holes  marked  2  and 
3  will  then  complete  the  cross- 
section  of  the  heading.  A  great  saving  in  cost  may  often  be 
secured  by  skilfully  taking  advantage  of  seams,  breaks,  and  irreg- 
ularities. When  the  work  is  economically  done  there  is  but  little 
noise  or  throwing  of  rock,  a  covering  of  old  timbers  and  branches 
of  trees  generally  sufficing  to  confine  the  smaller  pieces  which 
would  otherwise  fly  up. 

120.  Amount  of  explosive.  The  amount  of  explosive  required 
varies  as  the  cube  of  the  line  of  least  resistance.  The  best 
results  are  obtained  when  the  line  of  least  resistance  is  }  of  the 
depth  of  the  hole ;  also  when  the  powder  fills  about  J  of  the  hole. 
For  average  rock  the  amount  of  powder  required  is  as  follows: 


m 
m 
m 

DRILL  HOLES  IN  TUNNEL  HEADING 

Fig.  65. 


Line  of  least  resistance 

2  ft. 
i  lb. 

4  ft. 
2  lbs. 

6  ft. 
6i  lbs. 

8  ft. 

Weight  of  powder 

IG  lbs. 

Strict  compliance  with  all  of  the  above  conditions  would  re- 
quire that  the  diameter  of  the  hole  should  vary  for  every  case. 
Wliile  this  is  impracticable,  there  should  evidently  be  some 
variation  in  the  size  of  the  hole,  depending  on  the  work  to  be 
done.  For  example,  a  1"  hole,  drilled  2'  8"  deep,  with  its 
/iae  of  least  resistaace  2',  and  loaded  with  J  lb,  of  powder,  would 
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be  filled  to  a  depth  of  9i",  which  is  nearly  J  of  the  depth.  A 
3"  hole,  drilled  8'  deep,  with  its  line  of  least  resistance  6',  and 
loaded  with  6}  lbs.  of  powder,  would  be  filled  to  a  depth  of  over 
28",  which  is  also  nearly  i  of  the  depth.  One  pound  of  blasting- 
powder  will  occupy  about  28  cubic  inches.  Quarrying  necessi- 
tates the  use  of  numerous  and  sometimes  repeated  light  charges  of 
powder,  as  a  heavy  blast  or  a  powerful  explosive  like  dynamite 
is  apt  to  shatter  the  rock.  This  requires  more  powder  to  the 
cubic  yard  than  blasting  for  mere  excavation,  which  may  usually 
be  done  by  the  use  of  J  to  ^  lb.  of  powder  per  cubic  yard  of  easy 
op>en  blasting.  On  account  of  the  great  resistance  offered  by 
rock  when  blasted  in  headings  in  tunnels,  the  powder  used  per 
cubic  yard  will  run  up  to  2,  4,  and  even  6  lbs.  per  cubic  yard. 
As  before  stated,  nitro-glycerine  is  about  eight  times  (and 
dynamite  about  six  times)  as  powerful  as  the  same  weight  of 
powder. 

121.  Tamping.  Blasting-powder  and  the  slow-burning  ex- 
plosives require  thorough  tamping.  Clay  is  probably  the  best, 
but  sand  and  fine  powdered  rock  are  also  used.  Wooden  plugs, 
inverted  expansive  cones,  etc.,  are  periodically  reinvented  by 
enthusiastic  inventors,  only  to  be  discarded  for  the  simpler 
methods.  Owing  to  the  extreme  rapidity  of  the  development 
of  the  force  of  a  nitro-glycerine  or  dynamite  explosion,  tamping 
is  not  so  essential  with  these  explosives,  although  it  unquestion- 
ably adds  to  their  effectiveness.  Blasting  under  water  has  been 
effectively  accomplished  by  merely  pouring  nitro-glycerine  into 
the  drilled  holes  through  a  tube  and  then  exploding  the  charge 
without  any  tamping  except  that  furnished  by  the  superincum- 
bent water.  It  has  been  found  that  air-spaces  about  a  charge 
make  a  material  reduction  in  the  effectiveness  of  the  explosion. 
It  is  therefore  necessary  to  carefully  ram  the  explosive  into  a 
solid  mass.  Of  course  the  liquid  nitro-glycerine  needs  no  ram- 
ming, but  dynamite  should  be  rammed  with  a  wooden  rammer. 
Iron  should  be  carefully  avoided  in  ramming  gunpowder.  A 
copper  bar  is  generally  used. 

122,  Exploding  the  charge.  Black  powder  is  generally  ex- 
ploded by  means  of  a  fuse  which  is  essentially  a  cord  in  which 
there  is  a  thin  vein  of  gunpowder,  the  cord  being  protected  by 
tar,  extra  linings  of  hemp,  cotton,  or  even  gutta-percha.  The 
fuse  is  inserted  into  the  middle  of  the  charge,  and  the  ta\»>^vcv^ 
carefully  packed  around  it  so  that  it  w\\\  uo\i  \je  'm\\x\^^.    '^^ 
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produce  the  detonation  required  to  explode  nitro-glycerine  and 
dynamite,  there  must  be  an  initial  explosion  of  some  easily 
ignited  explosive.  This  is  generally  accomplished  by  means  of 
caps  containing  fulminating-powder  which  are  exploded  by 
electricity.  The  electricity  (in  one  class  of  caps)  heats  a  very 
fine  platinum  wire  to  redness,  thereby  igniting  the  sensitive 
powder,  or  (in  another  class)  a  spark  is  caused  to  jump  through 
the  powder  between  the  ends  of  two  wires  suitably  separated. 
Dynamite  can  also  be  exploded  by  using  a  small  cartridge  of 
gunpowder  which  is  itself  exploded  by  an  ordinary  fuse. 

123.  Cost.  Trautwine  estimates  the  cost  of  blasting  (for 
mere  excavation)  as  averaging  45  cents  per  cubic  yard,  falling 
as  low  as  30  cents  for  easy  but  brittle  rock,  and  running  up  to 
60  cents  and  even  $1  when  the  cutting  is  shallow,  the  rock 
especially  tough,  and  the  strata  unfavorably  placed.  Soft  tough 
rock  frequently  requires  more  powder  than  harder  brittle  rock. 

124.  Classification  of  excavated  material.  The  classification 
of  excavated  material  is  a  fruitful  source  of  dispute  between 
contractors  and  railroad  companies,  owing  mainly  to  the  fact 
that  the  variation  between  the  softest  earth  and  the  hardest  rock 
is  so  gradual  that  it  is  very  difficult  to  describe  distinctions 
between  different  classifications  which  are  unmistakable  and 
indisputable.  The  classification  frequently  used  is  (a)  earth, 
(6)  loose  rock,  and  (c)  solid  rock.  As  blasting  is  frequently 
used  to  loosen  "loose  rock"  and  even  "earth"  (if  it  is  frozen), 
the  fact  that  blasting  is  employed  cannot  be  vised  as  a  criterion, 
especially  as  this  would  (if  allowed)  lead  to  unnecessary  blasting 
for  the  sake  of  classifying  material  as  rock. 

Earth.  This  includes  clay,  sand,  gravel,  loam,  decomposed 
rock  and  slate,  boulders  or  loose  stones  not  greater  than  1  cubic 
foot  (3  cubic  feet,  P.  R.  R.),  and  sometimes  even  "  hard-pan.*' 
In  general  it  will  signify  material  which  can  be  loosened  by  a 
plough  with  two  horses,  or  with  which  one  picker  can  keep  one 
shoveller  busy. 

Loose  rock.  This  includes  boulders  and  loose  stones  of  more 
than  one  cubic  foot  and  less  than  one  cubic  yard;  stratified  rock, 
not  more  than  six  inches  thick,  separated  by  a  stratum  of  clay; 
also  all  material  (not  classified  as  earth)  which  may  be  loosened 
by  pick  or  bar  and  which  ''can  be  quarried  without  blasting, 
although  blasting  may  occasionally  be  resorted  to," 
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Solid  rock  includes  all  rock  found  in  masses  of  over  one  oiibic 
yard  which  cannot  be  removed  except  by  blasting. 

It  is  generally  specified  that  the  engineer  of  the  railroad 
company  shall  be  the  judge  of  the  classification  of  the  material, 
but  frequently  an  appeal  is  taken  from  his  decisions  to  the 
courts. 

125.  Specifications  for  earthwork.  The  following  specifica- 
tions, issued  by  the  Norfolk  and  Western  R  R.,  represent  the 
average  requirements.  It  should  be  remembered  that  very 
strict  specifications  invariably  increase  the  cost  of  the  work, 
and  frequently  add  to  the  cost  more  than  is  gained  by  improved 
quality  of  work. 

1.  The  grading  will  be  estimated  and  paid  for  by  the  cubic 
yard,  and  will  include  clearing  and  grubbing,  and  all  open  ex^- 
cavations,  channels,  and  embankments  required  for  the  forma- 
tion of  the  roadbed,  and  for  turnouts  and  sidings;  cutting  all 
ditches  or  drains  about  or  contiguous  to  the  road;  digging  the 
foundation-pits  of  all  culverts,  bridges,  or  walls;  reconstructing 
turnpikes  or  conmion  roads  in  cases  where  they  are  destroyed  or 
interfered  with;  changing  the  course  or  channel  of  streams;  and 
all  other  excavations  or  embankments  connected  with  or  incident 

.  to  the  construction  of  said  Railroad. 

2.  All  grading,  except  where  otherwise  specified,  whether 
for  cuts  or  fills,  will  be  measured  in  the  excavations  and  will  be 
classified  under  the  following  heads,  viz.:  Solid  Rock,  Loose 
Rock,  Hard-pan,  and  Earth. 

Solid  Rock  shall  include  all  rock  occurring  in  masses  which, 
in  the  judgment  of  the  said  Engineer  Maintenance  of  Way,  may 
be  best  removed  by  blasting. 

Loose  Rock  shall  include  all  kinds  of  shale,  soapstone,  and 
other  rock  which,  in  the  judgment  of  the  said  Engineer  Main- 
tenance of  Way,  can  be  removed  by  pick  and  bar,  and  is  soft  and 
loose  enough  to  be  removed  without  blasting,  although  blasting 
may  be  occasionally  resorted  to ;  also,  detached  stone  of  less  than 
one  (1)  cubic  yard  and  more  than  one  (1)  cubic  foot. 

Hard-pan  shall  consist  of  tough  indurated  clay  or  cemented 
gravel,  which  requires  blasting  or  other  equally  expensive 
means  for  its  removal,  or  which  cannot  be  ploughed  with  less 
than  four  horses  and  a  railroad  plough,  or  which  requires  two 
pickers  to  a  shovelb^r,  the  said  Engineer  Maintenawo,^  qI  "^"a:^ 
to  be  the  judge  of  these  conditions. 
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Earth  shall  include  all  material  of  an  earthy  nature,  of  what- 
ever name  or  character,  not  unquestionably  loose  rock  or  hard- 
pan  as  above  defined. 

Powder.  The  use  of  powder  in  cuts  will  not  be  considered 
as  a  reason  for  any  other  classification  than  earth,  unless  the 
material  in  the  cut  is  clearly  other  than  earth  under  the  above 
specifications. 

3.  Earth,  gravel,  and  other  materials  taken  from  the  exca- 
vations, except  when  otherwise  directed  by  the  said  Engineer 
Maintenance  of  Way  or  his  assistant,  shall  be  deposited  in  the 
adjacent  embankment;  the  cost  of  removing  and  depositing 
which,  when  the  distance  necessary  to  be  hauled  is  not  more 
than  sixteen  hundred  (1600)  feet,  shall  be  included  in  the  price 
paid  for  the  excavation. 

4.  Extra  Haul  will  be  estimated  and  paid  for  as  follows: 
whenever  material  from  excavations  is  necessarily  hauled  a 
greater  distance  than  sixteen  hundred  (1600)  feet,  there  shall  be 
paid  in  addition  to  the  price  of  excavation  the  price  of  extra 
haul  per  100  feet,  or  part  thereof,  after  the  first  1600  feet;  the 
necessary  haul  to  be  determined  in  each  case  by  the  said  Engi- 
neer Maintenance  of  Way  or  his  assistant,  from  the  profile  and 
cross-sections,  and  the  estimates  to  be  in  accordance  therewith. 

5.  All  embankments  shall  be  made  in  layers  of  such  thick- 
ness and  carried  on  in  such  manner  as  the  said  Engineer  Mainte- 
nance of  Way  or  his  assistant  may  prescribe,  the  stone  and  heavy 
materials  being  placed  in  slopes  and  top.  And  in  completing 
the  fills  to  the  proper  grade  such  additional  heights  and  fulness 
of  slope  shall  be  given  them,  to  provide  for  their  settlement,  as 
the  said  Engineer  Maintenance  of  Way,  or  his  assistant,  may 
direct.  Embankments  about  masonry  shall  be  built  at  such 
times  and  in  such  manner  and  of  such  materials  as  the  said  Engi- 
neer Maintenance  of  Way  or  his  assistant  may  direct. 

6.  In  procuring  materials  for  embankments  from  without 
the  line  of  the  road,  and  in  wasting  materials  from  cuttings,  the 
place  and  manner  of  doing  it  shall  in  each  case  be  indicated  by 
the  Engineer  Maintenance  of  Way  or  his  assistant;  and  care 
must  be  taken  to  injure  or  disfigure  the  land  as  little  as  possible. 
Borrow-pits  and  spoil-banks  must  be  left  by  the  Contractor  in 
regular  and  sightly  shape. 

7.  The  lands  of  the  said  Railroad  Company  shall  be  cleared 
to  the  extent  required  by  the  said  Engineer  Maintenance  of 
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Way,  or  his  assistant,  of  all  trees,  brushes,  logs,  and  other  perish* 
able  materials,  which  shall  be  destroyed  by  burning  or  deposited 
in  heaps  as  the  said  Engineer  Maintenance  of  Way,  or  his  assist- 
ant, may  direct.  Large  trees  must  be  cut  not  more  than  two 
and  one-half  (2i)  feet  from  the  ground,  and  under  embank- 
ments less  than  four  (4)  feet  high  they  shall  be  cut  close  to  the 
ground.  All  small  trees  and  bushes  shall  be  cut  close  to  the 
ground. 

8.  Clearing  shall  be  estimated  and  paid  for  by  the  acre  or 
fraction  of  an  acre. 

9.  All  stumps,  roots,  logs,  and  other  obstructions  shall  be 
grubbed  out,  and  removed  from  all  places  where  embankments 
occur  less  than  two  (2)  feet  in  height;  also,  from  all  places  where 
excavations  occur  and  from  such  other  places  as  the  said  Engi- 
neer Maintenance  of  Way  or  his  assistant  may  direct. 

10.  Grubbing  shall  be  estimated  and  paid  for  by  the  acre  or 
fraction  of  an  acre, 

11.  Contractors,  when  directed  by  the  said  Engineer  Main- 
tenance of  Way  or  his  assistant  in  charge  of  the  work,  will  deposit 
on  the  side  of  the  road,  or  at  such  convenient  points  as  may  be 
designated,  any  stone,  rock,  or  other  materials  that  they  may 
excavate;  and  all  materials  excavated  and  deposited  as  above, 
together  with  all  timber  removed  from  the  line  of  the  road,  will 
be  considered  the  property  of  the  llailroad  Company,  and  the 
Contractors  upon  the  respective  sections  will  be  responsible  for 
its  safe-keeping  until  removed  by  said  Railroad  Company,  or 
until  their  work  is  finished. 

12.  Contractors  will  be  accountable  for  the  maintenance  of 
safe  and  convenient  places  wherever  public  or  private  roads  are 
in  any  way  interfered  with  by  them  during  the  progress  of  the 
work.  They  will  also  be  responsible  for  fences  thrown  down, 
and  for  gates  and  bars  left  open,  and  for  all  damages  occasioned 
thereby. 

13.  Temporary  bridges  and  trestles,  erected  to  facilitate  the 
progress  of  the  work,  in  case  of  delays  at  masonry  structures 
from  any  cause,  or  for  other  reasons,  will  be  at  the  expense  of 
the  Contractor. 

14.  The  line  of  road  or  the  gradients  may  be  changed  in  any 
manner,  and  at  any  time,  if  the  said  Engineer  Maintenance  of 
Way  or  kis  assistant  shall  consider  such  a  change  nece^saxN  «^ 
expedient;  but  no  claim  for  an  increase  m  pnces.  o\  e^c^N^\\w\ 
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Gr  embaskinent  on  the  part  of  the  Contractor  will  be  aHowed 
or  considered  unless  made  in  writing  before  the  work  on  that 
pttt  of  the  section  where  the  alteration  has  been  made  shall  have 
been  commenced.  The  said  Engineer  Maintenance  of  Way  or 
his  assistant  may  also,  on  the  conditions  last  recited,  increase  or 
diininii^  the  length  of  any  section  for  the  purpose  of  more  nearly 
eq^aliiing  or  balancing  the  excavations  and  embankments,  or 
for  any  other  reason. 

16.  The  roadbed  will  be  graded  as  directed  by  the  said  En- 
gineer Maintenance  of  Way  or  his  assistant,  and  in  conformity 
with  such  breadths,  depths,  and  slopes  of  cutting  and  filling  as 
ht  may  prescribe  from  time  to  time,  and  no  part  of  the  work 
wffl  be  finally  accepted  until  it  is  properly  completed  and  dressed 
off  at  the  required  grade. 


CHAPTER  IV. 
TRESTLES. 

126.  Eztmt  of  use.  Trestles  constitute  from  1  to  S%  of  the 
l^igtk  of  tke  average  railroad.  It  was  estimated  m  1889  that 
there  was  thea  about  2400  miles  of  single-track  railway  trestle 
in  the  United  States,  divided  among  150,000  strujctures  and  esti- 
mated to  cost  about  $75,000,000.  The  annual  charge  for  main- 
tenance, estimated  at  J  of  the  cost,  therefore  amounted  to  about 
$9,500,000  and  necessitated  the  annual  use  of  perhaps  300,OQO,QOQ 
ft.  B.  M.  of  timber.  The  corresponding  figures  at  the  present 
tUne  must  be  somewhat  in  excess  of  this.  The  magnitude  of 
this  use,  which  is  causing  the  rapid  disappe^arance  of  forests,  hag 
resulted  in  endeavors  to  limit  the  use  of  timber  for  this  purpose. 
Trestles  may  be  considered  as  justifiable  under  the  foUawing 
conditions : 

a.  Permanent  trestles. 

1.  Those  of  extreme  height — then  called  viaducts  and  frer 
quently  constructed  of  iron  or  steel,  as  the  Kinzua  viaduct,  302 
ft.  high. 

2.  Those  across  watervvays — e.g.y  that  across  Lake  Pontchar- 
train,  near  New  Orleans,  22  miles  long. 

3.  Those  across  swamps  of  soft  deep  mud,  or  across  a  river- 
bottom,  liable  to  occasional  overflow. 

h.  Temporary  trestles. 

1.  To  open  the  road  for  traffic  as  quickly  as  posS:ible — often 
^  reason  of  great  financial  importance. 

2.  To  quickly  replace  a  more  elaborate  structure,  destroyed 
by  a,ccident,  on  a  road  already  in  operation,  so  that  the  interr 
ruptio;a  to  traffic  shall  be  a  minimum. 

3.  To  form  an  earth  embankment  with  earth  brought  from 
a  distant  point  by  the  train-load,  when  such  a  measure  would 
cost  less  than  to  borrow  earth  in  the  immexiiate  neighborhood. 

4.  To  bridge  an  opening  temporarily  and  thus  allovi  \,\3ca&  \.^ 
learn  tlie  regimen  of  a  stream  in  order  to  beUer  ipto^potXJtfya.  'Oaa 
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size  of  the  waterway  and  also  to  facilitate  bringing  suitable  stone 
for  masonry  from  a  distance.  In  a  new  country  there  is  always 
the  double  danger  of  either  building  a  culvert  too  small,  requir- 
ing expensive  reconstruction,  perhaps  after  a  disastrous  washout, 
or  else  wasting  money  by  constructing  the  culvert  unnecessarily 
large.  Much  masonry  has  been  built  of  a  very  poor  quality  of 
stone  because  it  could  be  conveniently  obtained  and  because 
good  stone  was  unobtainable  except  at  a  prohibitive  cost  for 
transportation.  Opening  the  road  for  traffic  by  the  use  of 
temporary  trestles  obviates  both  of  these  difficulties.  ^ 

127.  Trestles  vs.  embankments.  Low  embankments  are  very 
much  cheaper  than  low  trestles  both  in  first  cost  and  mainte- 
nance. Very  high  embankments  are  very  expensive  to  con- 
struct, but  cost  comparatively  little  to  maintain.  A  trestle  of 
equal  height  may  cost  much  less  to  construct,  but  will  be  expen- 
sive to  maintain — perhaps  J  of  its  cost  per  year.  To  determine 
the  height  beyond  which  it  will  be  cheaper  to  maintain  a  trestle 
rather  than  build  an  embankment,  it  will  be  necessary  to  allow 
for  the  cost  of  maintenance.  The  height  will  also  depend  on 
the  relative  cost  of  timber,  labor,  and  earthwork.  At  the  pres- 
ent average  values,  it  will  be  found  that  for  less  heights  than 
25  feet  the  first  cost  of  an  embankment  will  generally  be  less 
than  that  of  a  trestle;  this  implies  that  a  permanent  trestle 
should  never  be  constructed  with,  a  height  less  than  25  feet  except 
for  the  reasons  given  in  §  126.  The  height  at  which  a  permanent 
trestle  is  certainly  cheaper  than  earthwork  is  more  uncertain. 
A  high  grade  line  joining  two  hills  w'iW  invariably  imply  at  least 
a  culvert  if  an  embankment  is  used.  If  the  culvert  is  built  of 
masonry,  the  cost  of  the  em]:)ankment  will  })e  so  increased  that 
the  height  at  which  a  trestle  becomes  economical  vnW  be  mate- 
rially reduced.  The  cost  of  an  embankment  increases  much 
more  rapidly  than  the  height — with  very  high  embankments 
more  nearly  as  the  square  of  the  height — while  the  cost  of 
trestles  does  not  increase  as  rapidly  as  the  height.  Although 
local  circumstances  may  modify  the  application  of  any  set  rules, 
it  is  probably  seldom  that  it  will  be  cheaper  to  build  an  embank- 
ment 40  or  50  feet  high  than  to  permanently  maintain  a  wooden 
trestle  of  that  height.  A  steel  viaduct  would  probably  be  the 
best  solution  of  such  a  case.  These  are  frequently  used  for 
permanent  structures,  especially  when  very  high.  The  cost  of 
maintenance  Is  much  less  than  that  of  wood,  which  makes  the 
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use  of  iron  or  steel  preferable  for  permanent  trestles  unless  wood 
is  abnormally  cheap.  Neither  the  cost  nor  the  construction 
of  iron  or  steel  trestles  will  be  considered  in  this  chapter. 

128.  Two  principal  types.  There  are  two  principal  types  of 
wooden  trestles — pile  trestles  and  framed  trestles.  '  The  great 
objection  to  pile  trestles  is  the  rapid  rotting  of  the  portion  of  the 
pile  which  is  underground,  and  the  difficulty  of  renewal.  The 
maximum  height  of  pile  trestles  is  about  30  feet,  and  even  this 
height  is  seldom  reached.  Framed  trestles  have  been  con- 
structed to  a  height  of  considerably  over  100  feet  They  are 
frequently  built  in  such  a  manner  that  any  injured  piece  may  be 
readily  taken  out  and  renewed  without  interfering  with  traffic. 
Trestles  consist  of  two  parts — the  supports  called  "bents,"  and 
the  stringers  and  floor  system.  As  the  stringers  and  floor  system 
are  the  same  for  both  pile  and  framed  trestles,  the  "  bents  "  are 
all  that  need  be  considered  separately. 


PILE   TRESTLES. 

lip.  Pile  bents.  A  pile  bent  consists  generally  of  four  piles 
driven  into  the  ground  deep  enough  to  afford  not  only  sufficient 
vertical  resistance  but  also  lateral  resistance.  On  top  of  these 
piles  is  placed  a  horizontal  "cap."  The  caps  arc  fastened  to 
the  tops  of  the  piles  by  methods  illustrated  in  Fig.  66.  The 
method  of  fastening  shown  in  each  case  should  not  be  considered 
as  applicable  only  to  the  particular  type  of  pile  bent  used  to  illus- 
trate it.  Fig.  66  (a  and  d)  illustrates  a  mortise- joint  with  a  hard- 
wood pin  about  1}"  in  diameter.  The  hole  for  the  pin  should 
be  bored  separately  through  the  cap  and  the  mortise,  and  the 
hole  through  the  cap  should  be  at  a  slightly  higher  level  than 
that  through  the  mortise,  so  that  the  cap  will  be  drawn  down 
tight  when  the  pin  is  driven.  Occasionally  an  iron  dowel  (an 
iron  pin  about  IJ"  in  diameter  and  about  6"  long)  is  inserted 
partly  in  the  cap  and  partly  in  the  pile.  The  use  of  drift-bolts, 
shown  in  Fig.  66  (6),  is  cheaper  in  first  cost,  but  renders  repairs 
and  renewals  very  troublesome  and  expensive.  "Split  caps,'' 
shown  in  Fig.  66  (c),  are  formed  by  bolting  two  half-size  strips 
on  each  side  of  a  tenon  on  top  of  the  pile.  Repairs  are  very 
easily  and  cheaply  made  without  interference  with  the  traffic 
and  without  injuring  other  pieces  of  the  beivX,.  TW  ^\xia^«t 
pieces  are  more  easily   obtainable  in  a  BOMud  co^^\\AQrc^%  ^Coa 
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is  available,  the  water-jet  is  sometimes  employed.  A  pipje  is 
fastened  along  the  side  of  the  pile  and  extends  to  the  pile-point. 
If  water  is  forced  through  the  pipe,  it  loosens  the  sand  around 
the  point  and,  rising  along  the  sides,  decreases  the  side  resist- 
ance so  that  the  pile  sinks  by  its  own  weight,  aided  perhaps  by 
extra  weights  loaded  on.  This  loading  may  be  accomplished  by 
connecting  the  top  of  the  pile  and  the  pile-driver  by  a  block 
and  tackle  so  that  a  portion  of  the  weight  of  the  pile-driver  is 
continually  thrown  on  the  pile. 

Excessive  driving  frequently  fractures  the  pile  below  the 
surface  and  thereby  greatly  weakens  its  bearing  power.      To 
prevent  excessive  "brooming"  of  the  top  of  the 
pile,  owing  to  the  action  of  the  hammer,  the  top 
should  bo  protected  by  an  iron  ring  fitted  to  the 
top  of  the  pile.     The  "brooming"  not  only  ren- 
ders the  driving  ineffective  and  hence  uneconomi- 
cal, but  vitiates  the  value  of  any  test  of  the  bearing 
power  of  the  pile  by  noting  the  sinking  due  to  a 
given  weight  falling  a  given  distance.     If  the  pile 
is  so  soft  that  brooming  is  unavoidable,  the  top 
FiQ.  67.       should   be   adzed   off  frequently,   and   especially 
should  it  be  done  just  before  the  final  blows  which  are  to  test  its 
bearing-power. 

In  a  new  country'  judgment  and  experience  will  be  required 
to  decide  intelligently  whether  to  employ  a  simple  drop-hammer 
machine,  operated  by  horse-power  and  easily  transported  but 
uneconomical  in  operation,  or  a  more  complicated  machine 
working  cheaply  and  effectively  after  being  transported  at 
greater  expense. 

131.  Pile-driving  formulae.  If  7?  =  the  resistance  of  a  pile, 
and  s  the  set  of  the  pik;  during  the  last  blow,  w  the  weight  of 
the  pile-hanuner,  and  h  the  fall  during  the  last  blow,  then  we 

inh 

may  state  the  approximate  relation  that  Rii=wh,  or  i?  =  — . 

This  is  the  basic  principle  of  all  rational  formulae,  but  the  maxi- 
mum weight  which  a  pile  will  sustain  after  it  has  been  driven 
some  time  is  by  no  means  equal  to  the  resistance  of  the  pile 
during  the  last  blow.  There  are  also  many  other  modifying 
elements  which  have  been  variously  allowed  for  in  the  many 
proposed  formula?.  The  formulaj  range  from  the  extreme  of 
je/np/r/eal  simplicity  to  verj*  complicated  attempts  to   allow 
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properly  for  all  modifying  causes.  As  the  simplest  rule,  speci- 
fications sometimes  require  that  the  piles  shall  be  driven  until 
the  pile  will  not  sink  more  than  5  inches  under  five  consecutive 
blows  of  a  2000-lb.  hammer  falling  25  feet.     The  "Engineering 

News  formula '*  *  gives  the  safe  load  as     — -^-,  in  which  w  = 

weight  of  hanuner,  h=iall  in  feet,  s=set  of  pile  in  inches  under 
the  last  blow.  This  formula  is  derived  from  the  above  basic 
formula  by  calling  the  safe  load  J  of  the  final  resistance,  and 
by  adding  (arbitrarily)  1  to  the  final  set  (s)  as  a  compensation 
for  the  extra  resistance  caused  by  the  settling  of  earth  around 
the  pile  between  each  blow.  This  formula  is  used  only  for 
ordinary  hammer-driving.     When  the  piles  are  driven  by  a 

steam  pile-driver  the  formula  becomes  safe  load  =  — .-^--.     For 

^  ^  s  +  0.1 

the  "gimpowder  pile-driver/'  since  the  explosion  of  the  cartridge 
drives  the  pile  in  with  the  same  force  witii  which  it  throws  the 
hammer  upward,  the  effect  is  twice  that  of  the  fall  of  the  hammer, 

and  the  formula  becomes  safe  load  =  —  ■--.     In  these  last  two 

s  +  0.1 

formulsB  the  constant  in  the  denominator  is  changed  from  s  +  1 

to  8  + 0.1.     The  constant  (1.0  or  0.1)  is  supposed  to  allow,  as 

before  stated,  for  the  effect  of  the  extra  resistance  caused  by  the 

earth  settling  around  the  pile  between  each  blow.     The  more 

rapid  the  blows  the  less  the  opportunity  to  settle  and  the  less 

the  proper  value  of  the  constant. 

The  above  formula?  have  been  given  on  account  of  their 
simplicity  and  their  practical  agreement  with  experience.  Many 
other  formula?  have  been  proposed,  the  majority  of  which  are 
more  complicated  and  attempt  to  take  into  account  the  weight  of 
the  pile,  resistance  of  the  guides,  etc.  Wliile  these  elements, 
as  well  as  many  others,  have  their  influence,  their  effect  is  so 
overshadowed  by  the  indeterminable  effect  of  other  elements — 
as,  for  example,  the  effect  of  the  settlement  of  earth  around  the 
pile  between  blows — that  it  is  useless  to  attempt  to  employ  any- 
thing but  a  purely  empirical  formula. 

Examples.  1.  A  pile  was  driven  with  an  ordinary  hammer 
weighing  2500  pounds  until  the  sinking  under  five  consecutive 
blows  was  15i  inches.     The  fall  of  the  hammer  during  the  last 

*  Engineering  News,  Nov.  17 ,  1&Q2. 
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blows  was  24  feet.     What  was  the  safe  bearmg  power  of  t^e 
pile? 


2wh     2X2500X24     120000 
s  +  l"axl5.5)  +  l""    4.1 


=29300  pounds. 


2.  Piles  are  being  driven  into  a  firm  soil  with  a  steam  pile- 
driver  until  they  show  a  saje  bearing  power  of  ?0  tons.  The 
hammer  weighs  5500  pounds  and  its  fall  is  40  inches.  What 
should  be  the  sinking  under  the  final  blow? 


.40000  = 


2wh       2X5500X3.38 
fi-j-Ol""         s  +  0.1        ' 


3G6C7 
^40000" 


-0.1  =.81  inch. 


132.  Pile- points  and  pile-shoes.  Piles  are  generally  sharpened 
to  a  blunt  point.     If  the  pile  is  liable  to  strike  boulders,  sunken 

logs,  or  other  obstructions  which  are 
liable  to  turn  the  point,  it  13  necessary 
to  protect  the  point  by  some  form  of 
shoe.  Several  forms  in  cast  iron  have 
been  i^sed,  also  a  \NTought-iron  shoe, 
having  four  "straps"  radiating  from 
the  apex,  the  straps  being  nailed  on  to 
the  pile,  as  sho\vn  in  Fig.  68  (6).  The 
cast-iron  form  shown  in  Fig.  68  (a) 
has  a  base  cast  around  a  drift-bolt. 
The  recess  on  the  top  of  the  base  re- 
Fio.  68.  ceives  the  bottom  of  the  pile  and  pre- 

vents a  tendency  to  split  the  bottom  of  the  pile  or  to  force  the 
shoe  off  laterally. 

133.  Details  of  design.  No  theoretical  calculations  of  the 
strength  of  pile  bents  need  be  attempted  on  account  of  the  ex- 
treme complication  of  the;  theoretical  strains,  the  uncertainty  as 
to  the  real  strength  of  the  timber  used,  the  variability  of  that 
strength  with  tinu^,  and  the  insignificance  of  the  economy  that 
would  be  possible  even  if  exact  sizes  could  be  computed.  The 
pUcs  arc  gcnerall}^  re(|iiired  to  be  not  less  than  10"  or  12"  in 

diameter  at  the  large  end.     The  P.  11.  R.  lequ'res  tliat  they  shall 
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be  ''  not  less  than  14  and  7  inches  in  diameter  at  butt  and  sn^ 
end  respectively,  exclusive  of  bark,  which  must  be  removed." 
The  removal  of  the  bark  is  generally  required  in  good  work. 
Soft  durable  woods,  such  as  are  mentioned  in  §  129,  are  best 
for  the  piles,  but  the  caps  are  generally  made  o(  oak  or  yellow 
pine.  The  caps  are  generally  14  feet  long  (for  single  track) 
with  a  Qross-ficction  12"Xl2"  or  12"Xl4".  "Split  caps" 
would  consist  of  two  pieces  6"Xl2".  The  sway-braces,  never 
used  for  less  heights  than  6',  arc  made  of  3"  X  12"  tunber,  and 
are  spiked  on  with  ?"  spikes  8"  long.  The  floor  system  will  be 
the  same  as  that  described  later  for  framed  trestles. 

134.  Cost  of  pile  trestles.  The  cost,  per  linear  foot,  of  piling 
depends  on  the  method  of  driving,  the  scarcity  of  suitable  tim- 
ber, the  price  of  labor,  the  length  of  the  piles,  and  the  amount 
of  shifting  of  the  pile-driver  required.  The  cost  of  soft-wood 
piles  varies  from  8  to  15  c.  per  lineal  foot,  and  the  cost  of  oak 
piles  varies  from  10  to  30  c.  per  foot  according  to  the  length, 
the  longer  piles  costing  more  per  foot.  The  cost  of  driving  will 
average  about  $2.50  per  pile,  or  7.5  to  10  c.  per  lineal  foot. 
Siace  tlxe  cost  of  shifting  the  pile-driver  is  quite  an  item  in  the 
total  cost,  the  cost  of  driving  a  long  pile  would  be  less  per  foot 
than  for  a  short  pile,  but  on  the  otlier  liand  the  cost  of  the  pile 
is  greater  per  foot,  which  tends  to  make  the  to.tal  cost  per  foot 
constant.  Specifications  generally  say  that  the  piUng  will  be 
paid  for  per  lineal  foot  of  piling  left  in  the  work.  The  wastage 
of  the  tops  of  piles  sawed  off  is  always  something,  and  is  fre- 
quently very  large.  Sometimes  a  small  amount  per  foot  of 
piling  sawed  off  is  allowed  the  contractor  as  compensation  for 
his  loss.  This  reduces  the  contractor's  risk  and  possibly  reduces 
his  bid  by  an  equal  or  greater  amount  than  the  extra  amount 
actually  paid  him. 

FRAMED    TRESTLES. 

135.  Typical  design.  A  typical  design  for  a  framed  trestle 
bent  is  given  in  Fig.  GO.  This  represents,  with  slight  variations 
of  detail,  the  plan  according  to  which  a  large  part  of  the  framed 
trestle  bents  of  the  country  have  been  !)uilt — i.e.,  of  those  less 
than  20  or  30  feet  in  height,  not  requiring  multiple  story  con- 
struction. 

136.  Joints,     (a)  The  mortise-and- tenon  \o\tL\\^V?\>\^\x^\>^^'vcL 
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Fig.  69  and  also  in  Fig.  66  (a).    The  tenon  should  be  about 


r\M 


Fig.  70. 


3"  thick,  8"  wide,  and  5i"  long.  The  mortise  should  be  cut 
a  little  deeper  than  the  tenon.  "Drip-holes" 
from  the  mortise  to  the  outside  will  assist  in 
draining  off  water  that  may  accumulate  in  the 
joint  and  thus  prevent  the  rapid  decay  that 
would  otherwise  ensue.  These  joints  are  very 
troublesome  if  a  single  post  decays  and  requires 
renewal.  It  is  generally  required  that  the  mor- 
tise and  tenon  should  be  thoroughly  daubed 
with  paint  before  putting  them  together.  This  will  tend  to 
make  the  joint  water-tight  and  prevent  decay  from  the  accu- 
mulation and  retention  of  water  in  the  joint. 

(b)  The  plaster  joint.  This  joint  is  made  bv  bolting  and 
spiking  a  3"X12"  plank  on 
both  sides  of  the  joint.  The 
cap  and  sill  should  be 
notched  to  receive  the  posts. 
Repairs  are  greatly  facili- 
tated by  the  use  of  these 
joints.  This  method  has  been 
used  by  the  Delaware  and 
Hudson  Canal  Co.  [R.  R.]. 
M  Iron  plates.    An  iron  plate  of  the  form  shown  in  Fig.  72 
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(b)  is  bent  and  used  as  shown  in  Fig.  72  (a) 
through  the  bolt  -  holes 
shown  secure  the  plates 
to  the  timbers  and  make 
a  strong  joint  which  may- 
be readily  loosened  for  re- 
pairs. By  slight  modifi- 
cations in  the  design  the 
method  may  be  used  for 
inclined  posts  and  compli- 
cated joints. 

(d)  Split  caps  and  sills. 
These    are    described    in 
§  129.     Their   advantages   apply   "with   even   greater   force   to 
framed  trestles. 

(e)  Dowels  and  drift-bolts.  These  joints  facilitate  cheap  and 
rapid  constniction,  but  renewals  and  repairs  are  very  difficult,  it 
being  almost  impossible  to  extract  a  drift-bolt,  which  has  been 
driven  its  full  length,  without  splitting  open  the  pieces  contain- 
ing it.  Notwithstanding  this  objection  they  are  extensively- 
used,  especially  for  temporary  work  which  is  not  expected  to 
be  used  long  enough  to  need  repairs. 

137.  Multiple-story  construc- 
tion. Single-story  framed  trestle 
bents  are  used  for  heights  up 
to  18  or  20  feet  and  exception- 
ally up  to  30  feet.  For  greater 
heights  some  such  construction  as 
is  illustrated  in  a  skeleton  design 
in  Fig.  73  is  used.  By  using  split 
sills  between  each  story  and  sepa- 
rate vertical  and  batter  posts  in 
each  story,  any  piece  maj^  readily 
be  removed  and  renewed  if  neces- 
sary. The  height  of  these  stories 
varies,  in  different  designs,  from 
15  to  25  and  even  30  feet.  In 
some  designs  the  structure  of  each 
story  is  independent  of  the  stories 
above  and  below.  Thin  ^yv^a^xV^ 
facilitates  both  the  original  construcliou  aad  suba^a^^iuX,  xe^^vt-^* 
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In  other  designs  the  verticals  and  batter-posts  are  made  con- 
tinuous through  two  consecutive  stories.  The  structure  is 
somewhat  stiffer,  but  is  much  more  difficult  to  repair. 

Since  the  bents  of  any  trestle  are  usually  of  variable  height 
and  those  heights  are  not  always  an  even  multiple  of  the  uniform 
height  desired  for  the  stories,  it  becomes  necessary  to  make  the 


Fig.  74. 

upper  stories  of  imiform  height  and  let  the  odd  amount  go  to  the 
lowest  story,  as  showTi  in  Figs.  73  and  74. 

138.  Span.  The  shorter  the  span  the  greater  the  number  of 
trestle  bents;  the  longer  the  span  tlie  greater  the  required  strength 
of  the  stringers  supporting  the  floor.  Economy  demands  the 
adoption  of  a  span  that  shall  make  the  sum  of  these  require- 
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ments  a  minimum.     The  higher  the  trestle  the  greater  the  cost 

of  each  bent,  and  the  greater  the  span  that  would  be  justifiable. 

Nearly  all  trestles  have  bents  of  variable  height,  but  the  advan- 

tage  of  employing  uniform  standard  sizes  is  so  great  that  many 
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roads  use  the  same  span  and  sizes  of  timber  not  only  for  the 
panels  of  any  given  trestle,  but  also  for  all  trestles  regardless  of 
height.  The  spans  generally  used  vary  from  10  to  16  feet.  The 
Norfolk  and  Western  R.  R.  uses  a  span  of  12'  6"  for  all  single- 
story  trestles,  and  a  span  of  25'  for  all  multiple-story  trestles. 
The  stringers  are  the  same  in  both  cases,  but  when  the  span  is 
25  feet,  knee-braces  are  run  from  the  sill  of  the  first  story  below 
to  near  the  middle  of  each  set  of  stringers.  These  kncc-braces 
are  connected  at  the  top  by  a  "straining-beam"  on  which  the 
stringers  rest,  thus  supporting  the  stringer  in  the  center  and  vir- 
tually reducing  the  span  about  one-half. 

139.  Foundations,  (a)  Piles.  Piles  are  frequently  Used  as  a 
foundation,  as  in  Fig.  76,  particularly  in  soft  ground,  and  also 
for  temporary  structures.  These 
foundations  are  cheap,  quickly 
constructed,  and  are  particularly 
valuable  when  it  is  financially 
necessary  to  open  the  road  for 
traffic  as  soon  as  possible  and 
with  the  least  expenditure  of 
money;  but  there  is  the  disad- 
vantage of  inevitable  decay 
■w'ithin  a  few  years  unless  the  piles  are  chemically  treated,  as  will 
be  discussed  later.  Chemical  treatment,  however,  increases  the 
cost  so  that  such  a  foundation  would  often  cost  more  than  a 
foundation  of  st-one.  A  pile  should  be  driven  imder  each  post 
as  shown  in  Tig.  76. 

(b)  Mud-sills.     Fig.   77  illustrates  the  use  of  mud-sills 


Fig.  76. 
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Fig.  77. 

(c)' Stone  foundations. 
thfi  most  expensive. 


as 
built  by  the  Louisville  and 
Nashville  R.  R.  Eight  blocks 
12"X12"X6'  are  used  under 
each  bent.  When  the  groimd 
is  very  soft,  two  additioiml 
timbers  (12"  X 12"  X  length  of 
bent-sill),  as  shown  by  the 
dotted  lines,  are  placed  under- 
neath. The  number  required 
evidently  depends  on  the  na- 
ture of  the  ground. 
Stone  foundatioti's  scc^  'Owi'Va^'e^  «sA 
For  very  hiftli  tieaWe^  \Xv5i  ^cstlcJ^s.  ^^x^ 
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Western  R.  R.  employs  foundations  as  shown  in  Fig.  78,  the 
walls  being  4  feet  thick.  When  the  height  of  the  trestle  is  72 
feet  or  less  (the  plans  requiring  for  72'  in  height  a  foundation- 
wall  39'  6"  long)  the  foundation  is  made  continuous.    The  sill 
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Fig.  78. 

of  the  trestle  should  rest  on  several  short  lengths  of  3"Xl2" 
plank  laid  transverse  to  the  sill  on  top  of  the  wall. 

140.  Longitudinal  bracing.  This  is  required  to  give  the 
structure  longitudinal  stiffness  and  also  to  induce  the  columnar 
length  of  the  posts.  This  bracing  generally  consists  of  hori- 
zontal "waling-strips*'  and  diagonal  braces.  Sometimes  the 
braces  are  placed  wholly  on  the  outside  posts  unless  the  trestle 
is  very  high.  For  single-story  trestles  the  P.  R.  R.  employs 
the  "laced"  system,  i.e.,  a  line  of  posts  joining  the  cap  of  one 
bent  with  the  sill  of  the  next,  and  the  sill  of  that  bent  with  the 
cap  of  the  next.  Some  plans  employ  braces  forming  an  X  in 
alternate  panels.  Connecting  these  braces  in  the  center  more 
than  doubles  their  columnar  strength.  Diagonal  braces,  when 
bolted  to  posts,  should  be  fastened  to  them  as  near  the  ends  of 
the  posts  as  possible.  The  sizes  employed  vary  largely,  depend- 
ing on  the  clear  length  and  on  whether  they  are  expected  to  act 
by  tension  or  compression.  3"X12"  planks  are  often  used 
when  the  design  would  require  tensile  strength  only,  and  8"X8" 
posts  are  often  used  when  compression  may  be  expected. 

141.  Lateral  bracing.  Several  of  the  more  recent  designs  of 
trestles  employ  diagonal  lateral  bracing  between  the  caps  of 
adjacent  bents.  It  adds  greatly  to  the  stiffness  of  the  trestle 
and  better  maintains  its  alignment.  6"X6"  posts,  forming 
an  X  and  connected  at  the  center,  will  answer  the  purpose. 

142.  Abutments.  When  suitable  stone  for  masonry  is  at 
hand  and  a  suitable  subsoil  for  a  foundation  is  obtainable  without 
too  much  excavation,  a  masonry  abutment  ^\^ll  be  the  best. 
Such  an  abutment  would  probably  be  used  when  masonry  foot- 
jngsioT  trestle  bents  were  employed  (§  139,  c). 

Another  method  is  to  construct  a  "cnb"  ot  10"X12"  timbe^^ 
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laid  horizontally,  drift-bolted  together,  securely  braced  and 
embedded  into  the  ground.  Except  for  temporary  construotion 
such    a   method   is    generally 


objectionable    on    account    of 
rapid  decay. 

Another  method,  used  most 
commonly  for  pile  trestles,  and 
for  framed  trestles  having  pile 
foundations  (§  139,  a),  is  to  use 
a  pile  bent  at  such  a  place  that 
the  natural  surface  on  the  up- 
hill side  is  not  far  below  the  ^^' 
cap,  and  the  thrust  of  the  material,  filled  in  to  bring  the  surface 
to  grade,   is  insignificant.       3"Xl2"  planks  are  placed  behind 
the  piles,  cap,  and  stringers  to  retain  the  filled  material. 

FLOOR   SYSTEMS. 

143.  Stringers.  The  general  practice  is  to  use  two,  three, 
and  even  four  stringers  under  each  rail.  Sometimes  a  stringer 
is  placed  under  each  guard-rail.  Generally  the  stringers  are 
made  of  two  panel  lengths  and  laid  so  that  the  joints  alternate. 
A  few  roads  use  stringers  of  only  one  panel  length,  but  this  prac- 
tice is  strongly  condemned  by  many  engineers.  The  stringers 
should  be  separated  to  allow  a  circulation  of  air  around  them 
and  prevent  the  decay  which  would  occur  if  they  were  placed 
close  together.  This  is  sometimes  done  by  means  of  2"  planks, 
6'  to  8'  long,  which  are  placed  over  each  trestle  bent.  Several 
bolts,  passing  through  all  the  stringers  forming  a  group  and 
through  the  separators,  bind  them  all  into  one  solid  construc- 
tion. Cast-iron  "spools"  or  washers,  varying  from  4"  to  J" 
in  length  (or  thickness),  are  sometimes  strung  on  each  bolt  so 
as  to  separate  the  stringers.  Sometimes  washers  are  used 
between  the  separating  planks  and  the  stringers,  the  object  of 
the  separating  planks  then  being  to  bind  the  stringers,  especially 
abutting  stringers,  and  increase  their  stiffness. 

The  most  common  size  for  stringers  is  8"X16".  The  Penn- 
sylvania Railroad  varies  the  width,  depth,  and  number  of 
stringers  under  each  rail  according  to  the  clear  span.  It  may 
be  noticed  that,  assuming  a  uniform  load  per  running  foot,  V^qVVv 
the  pressure  per  square  inch  at  the  ends  ol  \.\v^  ^\Tvxv%<iix^  V>(}g55. 
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caps  having  a  width  of  12'0  and  also  the  stress  due  to  trans- 
verse strain  are  kept  approximately  constant  for  the  varial:^ 
gross  load  on  these  varying  spans. 


Clear  span. 

No.  of  pieces 
under  each  rail. 

Width. 

I>Bpth. 

10  feet 
12    " 
14    •* 
16    •• 

2 
2 
2 
3 

8  inches 
8     " 
10     " 
8     •• 

15  inches 

16  " 

17  " 
17     " 

144.  Corbels.  A  corbel  (in  trestle-work)  is  a  stick  of  timber 
(perhaps  two  placed  side  by  side),  about  3'  to  6'  long,  placed 
underneath  and  along  the  stringers  and  resting  on  the  cap. 
There  are  strong  prejudices  for  and  against  their  use,  and  a 
corresponding  diversity  in  practice.  They  are  bolted  to  the 
stringers  and  thus  stiffen  the  joint.  They  certainly  reduce  the 
objectionable  crushing  of  the  fibers  at  each  end  of  the  stringer. 
but  if  the  corbel  is  no  wider  than  the  stringers,  as  is  generally 
the  case,  the  area  of  pressure  between  the  corbels  and  the  cap  is 
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no  greater  and  the  pressure  per  square  inch  on  the  cap  is  no  less 
than  the  pressure  on  the  cap  if  no  corbels  were  used.  If  the 
corbels  and  cap  are  made  of  hard  wood,  as  is  recommended  by 
some,  the  danger  of  crushing  is  lessened,  but  the  extra  cost  and 
the  frequent  scarcity  of  hard  wood,  and  also  the  extra  cost  and 
labor  of  using  corbels,  may  often  neutralize  the  advantages 
obtained  by  their  use. 

145.  Guard-rails.  These  are  frequently  made  of  5"X8"  stuff, 
notched  1"  for  each  tie.  The  sizes  vary  up  to  8"X8",  and  the 
depth  of  notch  from  J"  to  IJ".  They  are  generally  bolted  to 
every  third  or  fourth  tie.  It  is  frequently  specified  that  they 
shall  be  made  of  oak,  white  pine,  or  yellow  pine.  The  joints 
are  made  over  a  tie,  by  halving  each  piece,  as  illustrated  in  Fig. 
SI.     The  joints  on  opposite  sides  of  the  trestle  should  be  "stag- 
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gered."    So^e  roads  fasten  every  tie  to  the  guard-rail,  using  a 
bolt,  a  spike,  or  a  lag-screw. 

Guard-rails  were  originally  used  with  the  idea  of  preventing 
the  wheels  of  a  derailed  truck  from  running  off  the  ends  of  the 
ties.  But  it  has  been  found  that  an  outer  guard-i^ail  alone  (with- 
out an  inner  guard-rail)  becomes  an  actual  element  of  danger, 
since  it  has  frequently  happened  that  a  derailed  wheel  has  caught 
on  the  outer  guard-rail,  thus  causing  the  truck  to  slew  around 
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and  so  produce  a  dangerous  accident.  The  true  fimction  of  the 
oiUside  guard-rail  is  thus  changed  to  that  of  a  tie-spacer,  which 
keeps  the  ties  from  spreading  when  a  derailment  occurs.  The 
inside  guard-rail  generally  consists  of  an  ordinary  steel  rail 
spiked  about  10  inches  inside  of  the  running  rail.  These  inner 
guard-rails  should  be  bent  inward  to  a  point  in  the  center  of  the 
track  about  50  feet  beyond  the  end  of  the  bridge  or  trestle.  If 
the  inner  guard-rails  are  placed  with  a  clear  space  of  10  inches 
inside  the  rimning  rail,  the  outer  guard-rails  should  be  at  least 
6'  10"  apart.     They  are  generally  much  farther  apart  than  this. 

146.  Ties  on  trestles.  If  a  car  is  derailed  on  a  bridge  or 
trestle,  the  heavily  loaded  wheels  are  apt  to  force  their  way  be- 
tween the  ties  by  displacing  them  unless  the  ties  are  closely 
spaced  and  fastened.  The  clear  space  between  ties  is  generally 
equal  to -or  less  than  their  width.  Occasionally  it  is  a  little  more 
than  their  width.  6"X8"  ties,  spaced  14"  to  16"  from  center 
to  center,  are  most  frequently  used.  The  length  varies  from 
9^  to  12'  for  single  track.  They  arc  generally  notched  J"  deep 
on  the  under  side  where  they  rest  on  the  strinpjors.  Oak  tics 
are  generally  required  even  when  cheaper  ties  are  used  on  1  lie 
other  sections  of  the  road.  Usually  every  third  or  fourth  tie  is 
bolted  to  the  stringers.  When  stringers  are  placed  underneath 
the  guard-rails,  bolts  are  run  from  the  top  of  the  guard-rail  to 
the  under  side  of  the  stringer.  The  guard-rails  thus  hold  down 
the  whole  system  of  ties,  and  no  direct  fastening  of  the  ties  to 
the  stringers  is  needed. 

147.  Superelevation  of  the  outer  rail  on  curves.     The  location 
of  curves  on  trestles  should  be  avoided  \i  pos^^Vi,  ^'s^^v£\?J\n 
when  the  trestle  is  high.     Serious  add\t\OTva\  sUaxxis.  ^^^  \wVco- 
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duced  especially  when  the  curvature  is  sharp  or  the  speed  high. 
Since  such  curves  are  sometimes  practically  unavoidable,  it  is 
necessary  to  design  the  trestle  accordingly.  If  a  train  is  stopped 
on  a  curved  trestle,  the  action  of  the  train  on  the  trestle  is 
evidently  vertical.  If  the  train  is  moving  with  a  considerable 
velocity,  the  resultant  of  the  weight  and  the  centrifugal  action 
is  a  force  somewhat  inclined  from  the  vertical.  Both  of  these 
conditions  may  be  expected  to  exist  at  times.  If  the  axis  of 
the  system  of  posts  is  vertical  (as  illustrated  in  methods  a,bjC,  d, 
and  c),  any  laC^ral  force,  such  as  would  be  produced  by  a  mov- 
ing train,  will  tend  to  rack  the  trestle  bent.  If  the  stringers  are 
set  vertically,  a  centrifugal  force  likewise  tends  to  tip  them 
side  wise.  If  the  axis  of  the  system  of  posts  (or  of  the  stringers) 
is  inclined  so  as  to  coincide  with  the  pressure  of  the  train  on  the 
trestle  when  the  train  is  moving  at  its  normal  velocity,  there  is 
no  tendency  to  rack  the  trestle  when  the  train  is  moving  at  that' 
velocity,  but  there  will  be  a  tendency  to  rack  the  trestle  or 
twist  the  stringers  when  the  train  is  stationary.  Since  a  moving 
train  is  usually  the  normal  condition  of  affairs,  as  well  as  the 
condition  which  produces  the  maximum  stress,  an  inclined  axis 
is  evidently  preferable  from  a  theoretical  standpoint ;  but  what- 
ever design  is  adopted,  the  trestle  should  evidently  be  suffi- 
ciently cross-braced  for  either  a  moving  or  a  stationary  load, 
and  any  proposed  design  must  be  studied  as  to  the  effect  of  both 
of  these  conditions.  Some  of  the  various  methods  of  securing 
the  requisite  superelevation  may  be  described  as  follows : 

(a)  Framing  the  outer  posts  longer  than  the  inner  posts,  so 
that  the  cap  is  inclined  at  the 
proper  angle;  axis  of  posts  verti- 
cal. (Fig.  82.)  The  method  .re- 
quires more  work  in  framing  the 
trestle,  but  simplifies  subsequent 
track-laying  and  maintenance,  un- 
less it  should  be  found  that  the 
superelevation  adopted  is  unsuit- 
able, in  which  case  it  could  be  cor- 
'^^^  rected  by  one  of  the  other  methods 
given  below.  The  stringers  tend 
to   twist   when   the   train   is   sta^ 


Fig.  82, 


tionaiy. 
{^IfJ  Notching  the  cap  so  that  the  stringers  are  at  a  different 
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Fig.  83. 


elevation.  (Fig.  83.)  This  weakens  the  cap  and  requires  that 
all  ties  shall  be  notched  to  a 
bevelled  surface  to  fit  the  string- 
ers, which  also  weakens  the  ties. 
A  centrifugal  force  will  tend  to 
twist  the  stringers  and  rack  the 
trestle. 

(c)  Placing  wedges  underneath 
the  ties  at  each  stringer.  These 
wedges  are  fastened  with  two 
bolts.  Two  or  more  wedges  will 
be  required  for  each  tie.  The  ad- 
ditional number  of  pieces  required 
for  a  long  curve  will  be  immense,  and  the  work  of  inspection  and 
keeping  the  nuts  tight  will  greatly  increase  the  cost  of  main- 
tenance. 

(d)  Placing  a  wedge  under  the  outer  rail  at  each  tie.  This 
requires  but  one  extra  piece  per  tie.  There  is  no  need  of  a 
wedge  under  the  inner  tie  in  order  to  make  the  rail  normal  to 
the  tread.  The  resultingHnward  inclination  is  substantially  that 
produced  by  some  forms  of  rail-chairs  or  tie-plates.  The  spikes 
(a  little  longer  than  usual)  are  driven  through  the  wedge  into 
the  tie.  Sometimes  "lag-screws"  are  used  instead  of  spikes. 
If  experience  proves  that  the  superelevation  is  too  much  or  too 
little,  it  may  be  changed  by  this  method  with  less  work  than 
by  any  other. 

(e)  Corbels  of  different  heights.     When  corbels  are  used  (see 

§  144)  the  required  in- 
clination of  the  floor  sys- 
tem may  be  obtained  by 
varying  the  depth  of  the 
corbels. 

(f)  Tipping  the  whole 
trestie.  This  is  done  by 
placing  the  trestle  on  an 
inclined  foundation.  If 
very  much  inclined,  the 
trestle  bent  must  be  se- 
cured against  the  possi- 
bility of  slipping  sidft.^\sfc^ 
for  the  slope  would  be  considerable  with  a  sYiaxp  evviNfe,«cA  ^'i 


Fig.  84. 
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vibration  of  a  moving  train  would  reduce  the  coefficient  of 
friction  to  a  comparatively  small  quantity. 

(g)  Framing  the  outer  posts  longer.  This  case  is  identical 
with  case  (a)  except  that  the  axis  of  the  system  of  posts  is 
inclined,  as  in  case  (f),  but  the  sill  is  horizontal. 

The  above-described  plans  will  suggest  a  great  variety  of 
methods  which  are  possible  and  which  differ  from  the  above 
only  in  minor  details. 

148.  Protection  from  fire.  Trestles  are  peculiarly  subject  to 
fire,  from  passing  locomotives,  which  may  not  only  destroy  the 
trestle,  but  perhaps  cause  a  terrible  disaster.  This  danger  is 
sometimes  reduced  by  placing  a  strip  of  galvanized  iron  along 
the  top  of  each  set  of  stringers  and  also  along  the  tops  of  the 
caps.  Still  greater  protection  was  given  on  a  long  trestle  on  the 
Louisville  and  Nashville  R.  R.  by  making  a  solid  flooring  of 
timber,  covered  "svith  a  layer  of  ballast  on  which  the  ties  and 
rails  were  laid  as  usual. 

Barrels  of  water  should  be  provided  and  kept  near  all  trestles, 
and  on  very  long  trestles  barrels  of  water  should  be  placed  every 
two  or  three  hundred  feet  along  its  length.  A  place  for  the  bar- 
rels may  be  provided  by  using  a  few  ties  which  have  an  extra 
length  of  about  four  feet,  thus  forming  a  small  platform,  which 
should  be  surrounded  by  a  railing.  The  track-walker  should  be 
held  accountable  for  the  maintenance  of  a  supply  of  water  in 
these  barrels,  renewals  being  frequently  necessar>'^  on  account  of 
evaporation.  Such  platforms  should  also  be  pro\'id(^d  as  repxtge- 
BAYS  for  track-walkers  and  trackmen  working  on  the  trestle.  On 
very  long  trestles  such  a  platform  is  sometimes  provided  with 
sufficient  capacity  for  a  hand-car. 

149.  Timber.  Any  strong  durable  timber  may  be  used  when 
the  choice  is  limited,  but  oak,  pine,  or  cypress  are  preferred 
when  obtainable.  When  all  of  these  are  readily  obtainable, 
the  various  parts  of  the  trestle  will  be  constructed  of  different 
kinds  of  wood — the  stringers  of  long-leaf  pine,  the  posts  and 
braces  of  pine  or  red  cypress,  and  the  caps,  sills,  and  corbels  (if 
used)  of  white  oak.  The  use  of  oak  (or  a  similar  hard  wood) 
for  caps,  sills,  and  corbels  is  desirable  because  of  its  greater 
strength  in  resisting  crushing  across  the  grain,  which  is  the 
critical  test  for  these  parts.  There  is  no  physiological  basis  to 
the  objection,  sometimes  made,  that  different  species  of  timber, 

in  contact  with  each  other,  will  rot  quicker  than  if  only  one 


^ 


168  llAlLROAl>  CONS'fRtrCflON.  §  148. 

vibration  of  a  moving  train  would  reduce  the  coefficient  of 
friction  to  a  comparatively  small  quantity. 

(g)  Framing  the  outer  posts  longer.  This  case  is  identical 
with  case  (a)  except  that  the  axis  of  the  system  of  posts  is 
inclined,  as  in  case  (/),  but  the  sill  is  horizontal. 

The  above-described  plans  will  suggest  a  great  variety  of 
methods  which  are  possible  and  which  differ  from  the  above 
only  in  minor  details. 

148.  Protection  from  fire.  Trestles  are  peculiarly  subject  to 
fire,  from  passing  locomotives,  which  may  not  only  destroy  the 
trestle,  but  perhaps  cause  a  terrible  disaster.  This  danger  is 
sometimes  reduced  by  placing  a  strip  of  galvanized  iron  along 
the  top  of  each  set  of  stringers  and  also  along  the  tops  of  the 
caps.  Still  greater  protection  was  given  on  a  long  trestle  on  the 
Louisville  and  Nashville  R.  R.  by  making  a  solid  flooring  of 
timber,  covered  with  a  layer  of  ballast  on  which  the  ties  and 
rails  were  laid  as  usual. 

Barrels  of  water  should  be  provided  and  kept  near  all  trestles, 
and  on  very  long  trestles  barrels  of  water  should  be  placed  every 
two  or  three  hundred  feet  along  its  lenj;th.  A  place  for  the  bar- 
rels may  be  provided  by  using  a  few  ties  which  have  an  extra 
length  of  about  four  feet,  thus  forming  a  small  platform,  which 
should  be  surrounded  by  a  railing.  The  track-walker  should  be 
held  accountable  for  the  maintenance  of  a  supply  of  water  in 
these  barrels,  renewals  being  frequently  necessary'  on  account  of 
evaporation.  Such  platforms  should  also  be  provided  as  refuge- 
bays  for  track-walkers  and  trackmen  working  on  the  trestle.  On 
very  long  trestles  such  a  platform  is  sometimes  provided  with 
sufficient  capacity  for  a  hand-car. 

149.  Timber.  Any  strong  durable  timber  may  be  used  when 
the  choice  is  limited,  but  oak,  pine,  or  cypress  are  preferred 
when  obtainable.  When  all  of  these  are  readily  obtainable, 
the  various  parts  of  the  trestle  will  be  constructed  of  different 
kinds  of  wood — the  stringers  of  long-leaf  pine,  the  posts  and 
braces  of  pine  or  red  cypress,  and  the  caps,  sills,  and  corbels  (if 
used)  of  white  oak.  The  use  of  oak  (or  a  similar  hard  wood) 
for  caps,  sills,  and  corbels  is  desirable  because  of  its  greater 
strength  in  resisting  crushing  across  the  grain,  which  is  the 
critical  test  for  these  parts.  There  is  no  physiological  basis  to 
the  objection,  sometimes  made,  that  different  species  of  timber, 

j'n  contact  with  each  other,  will  rot  quicker  than  if  only  one 
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kind  of  timber  is  used.  When  a  very  extensive  trestle  is  to  be 
built  at  a  place  where  suitable  growing  timber  is  at  hand  but 
there  is  no  convenient  sawmill,  it  will  pay  to  transport  a  port- 
able sawmill  and  engine  and  cut  up  the  timber  as  desired. 

150,  Cost  of  framed  timber  trestles.  The  cost  varies  widely 
on  account  of  the  great  variation  in  the  cost  of  timber.  When 
a  railroad  is  first  penetrating  a  new  and  undeveloped  region,  the 
cost  of  timber  is  frequently  small,  and  when  it  is  obtainable  from 
the  company's  right-of-way  the  only  expense  is  feUing  and 
sawing.  The  work  per  M,  B.  M.,  is  small,  considering  that  a 
single  stick  12"  X 12"  X 25'  contains  300  feet,  B.  M.,  and  that 
sometimes  a  few  hours'  work,  worth  less  than  $1,  will  finish  all 
the  work  required  on  it.  Smaller  pieces  will  of  course  require 
more  work  per  foot,  B.  M.  Long-leaf  pine  can  be  purchased 
from  the  mills  at  from  S8  to  $12  per  M  feet,  B.  M.,  according 

,  to  the  dimensions.  To  this  must  be  added  the  freight  and  labor 
of  erection.  The  cartage  from  the  nearest  railroad  to  the  trestle 
may  often  be  a  considerable  item.  Wrought  iron  will  cost 
about  3  c.  per  pound  and  cast  iron  2  c,  although  the  prices  are 
often  lower  than  these.  The  amount  of  iron  used  doponds  on 
the  detailed  design,  but,  as  an  average,  will  amount  to  $1.50 
to  $2  per  1000  feet,  B.  M.,  of  timber.  A  large  part  of  the  tres- 
tling  of  the  country  has  been  built  at  a  contract  price  of  about 
$30  per  1000  feet,  B.  M.,  erected.  While  the  cost  will  frequently 
rise  to  $40  and  even  $50  when  timber  is  scarce,  it  will  drop  to 
$13  (cost  quoted)  when  timber  is  cheap. 

DESIGN   OP   WOODEN   TRESTLES. 

1 51.  Common  practice.  A  great  deal  of  trestling  has  been 
constructed  without  any  rational  design  except  that  custom  and 
experience  have  shown  that  certain  sizes  and  designs  are  probably 
safe.  Tliis  method  has  resulted  occasionally  in  failures  but  more 
frequently  in  a  very  large  waste  of  timber.  Many  railroads 
employ  a  imiform  size  for  all  posts,  caps,  and  sills,  and  a  uniform 
size  for  stringers,  all  regardless  of  the  height  or  span  of  the  • 
trestle.  For  repair  work  there  are  practical  reasons  favoring 
this.  "To  attempt  to  run  a  large  lot  of  sizes  would  be  more 
wasteful  in  the  end  than  to  maintain  a  few  stock  sizes  only. 
Lumber  can  be  bought  more  cheaply  by  giving  a.  ^exvetaX  ot^et 
for  *  the  run  of  the  mill  for  the  season,'  or  '  a  car^o  \o\»,^  s^oM^- 
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ing  approximate  percentages  of  standard  stringer  size,  of 
12 X  12-inch  stuff,  10  X  10-inch  stuff,  etc.,  and  a  liberal  propor- 
tion of  3-  or  4-inch  plank,  all  lengths  throwTi  in.  The  12  X  12- 
inch  stuff,  etc.,  is  ordered  all  lengths,  from  a  certain  specified 
length  up.  In  case  of  a  wreck,  washout,  burn-out,  or  sudden 
call  for  a  trestle  to  be  completed  in  a  stated  time,  it  is  much 
more  economical  and  practical  to  order  a  certain  number  of 
carloads  of  'trestle  stuff'  to  the  ground  and  there  to  select  piece 
after  piece  as  fast  as  needed,  dependent  only  upon  the  length  of 
stick  required.  When  there  is  time  to  make  the  necessary  sur- 
veys of  the  ground  and  calculations  of  strength,  and  to  wait  for  a 
special  bill  of  timber  to  be  cut  and  delivered,  the  use  of  differ- 
ent sizes  for  posts  in  a  structure  would  be  warranted  to  a  certain 
extent."  *  For  new  construction,  when  there  is  generally 
sufficient  time  to  design  and  order  the  proper  sizes,  such  waste- 
fulness is  less  excusable,  and  under  any  conditions  it  is  both 
safer  and  more  economical  to  prepare  standard  designs  which 
can  be  made  applicable  to  varying  conditions  and  which  will  at 
the  same  time  utilize  as  much  of  the  strength  of  the  timber  as 
can  be  depended  on.  In  the  following  sections  will  be  given 
the  elements  of  the  preparation  of  such  standard  designs,  which 
will  utilize  uniform  sizes  with  as  little  waste  of  timber  as  possible. 
It  is  710^  to  be  understood  that  special  designs  should  be  made 
for  each  individual  trestle. 

152,  Required  elements  of  strength.  The  stringers  of  trestles 
are  subject  to  transverse  strains,  to  crushing  across  the  grain 
at  the  ends,  and  to  shearing  along  the  neutral  axis.  The  strength 
of  the  timber  must  therefore  be  computed  for  all  these  kinds 
of  stress.  Caps  and  sills  will  fail,  if  at  aU,  by  crushing  across 
the  grain ;  although  subject  to  other  forms  of  stress,  these  could 
hardly  cause  failure  in  the  sizes  usually  employed.  There  b  an 
apparent  exception  to  this:  if  piles  are  improperly  driven  and 
an  uneven  settlement  subsequently  occurs,  it  may  have  the 
effect  of  transferring  practically  all  of  the  weight  to  two  or  three 
pDes,  while  the  cap  is  subjected  to  a  severe  transverse  strain 
which  may  cause  its  failure.  Since  such  action  is  caused  gener- 
ally by  avoidable  errors  of  construction  it  may  be  considered  as 
abnormal,  and  since  such  a  failure  will  generally  occur  by  a 
gradual  settlement,  all  danger  may  be  avoided  by  reasonable 

*  From  "Economical  Desigmng  ol  Tunbei  Tt^«^\e  BudQUu" 
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care  in  inspection.  Posts  must  be  tested  for  their  columnar 
strength.  These  parts  form  the  bulk  of  the  trestle  and  are  the 
parts  which  can  be  definitely  designed  from  known  stresses. 
The  stresses  in  the  bracing  are  more  indefinite,  depending  on 
indeterminate  forces,  since  the  inclined  posts  take  up  an  un- 
known proportion  of  the  lateral  stresses,  and  the  design  of  the 
bracing  may  be  left  to  what  experience  has  shown  to  be  safe, 
without  involving  any  large  waste  of  timber. 

153.  Strength  of  timber.  Until  recently  tests  of  the  strength 
of  timber  have  generally  been  made  by  testing  small,  selected, 
well-seasoned  sticks  of  "  clear  stuff,"  free  from  knots  or  imper- 
fections. Such  tests  would  give  results  so  much  higher  than 
the  vaguely  known  strength  of  large  unseasoned  "commercial" 
timber  that  very  large  factors  of  safety  were  recommended — 
factors  so  large  as  to  detract  from  any  confidence  in  the  whole 
theoretical  design.  Recently  the  U.  S.  Government  has  been 
making  a  thoroughly  scientific  test  of  the  strength  of  full-size 
timber  under  various  conditions  as  to  seasoning,  etc.  The  work 
has  been  so  extensive  and  thorough  as  to  render  possible  the 
economical  designing  of  timber  structures. 

One  important  result  of  the  investigation  is  the  determina- 
tion of  the  great  influence  of  the  moisture  in  the  timber  and 
the  law  of  its  effect  on  the  strength.  It  has  been  also  shown 
that  timber  soaked  with  water  has  substantially  the  same 
strength  as  green  timber,  even  though  the  timber  had  once  been 
thoroughly  seasoned.  Since  trestles  are  exposed  to  the  weather 
they  should  be  designed  on  the  basis  of  using  green  timber. 
It  has  been  shown  that  the  strength  of  green  timber  is  very 
regularly  about  55  to  60%  of  the  strength  of  timber  in  which 
the  moisture  is  12%  of  the  dry  weight,  12%  being  the  proportion 
of  moisture  usually  found  in  timber  that  is  protected  from  the 
weather  but  not  heated,  as,  e.g.,  the  timber  in  a  bam.  Since 
the  moduH  of  rupture  have  all  been  reduced  to  this  standard  of 
moisture  (12%),  if  we  take  one-eighth  of  the  rupture  values,  it 
still  allows  a  factor  of  safety  of  about  five,  even  on  green  timber. 
On  page  172  there  are  quoted  the  values  taken  from  the  U.  S. 
Government  reports  on  the  strength  of  timber,  the  tests  probably 
being  the  most  thorough  and  reliable  that  were  ever  made. 

On  page  173  are  given  the  "average  safe  allowable  working 
imit  stresses  in  pounds  per  square  inch,"  as  recommfi-wdfed  Vrs 
the  committee  on  "  Strength  of  Bridge  and  TioaXXfe  l^Vssisi^x^;' 
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the  work  being  done  under  the  auspices  of  the  Association  of 
Railway  Superintendents  of  Bridges  and  Buildings.  The  report 
was  presented  at  their  fifth  annual  convention,  held  in  New 
Orieans,  in  October,  1895. 


Moduli  of  rupture  for  various  timbers.    112%  moisture.] 
(Condenseil  from  U.  S.  Forestry  Circular,  No.  15.) 


Species. 

M 

Cross-bending. 

Crush- 
ing 
end- 
wise. 

jl 

1. 
•a.a 

No. 

1^ 

Modulus 

of 
Elasticity. 

1 
2 
3 
4 
5 
6 
7 

I-iong-leaf  pine.  . .  . 

Cuban            "    

Short-leaf     "    

Loblolly        ••    .... 
White            "    .... 
Red               ••    .... 
Spruce           "    

38 
39 
32 
33 
24 
31 
39 

12  600 

13  600 

10  100 

1 1  300 
7  900 
9  100 

10  (XK) 

2  070  000 
2  370  000 

1  680  000 

2  050  (KK) 
1  390  000 
1  620  OCX) 
1  640  000 

8000 
8700 
6500 
7400 
5400 
6700 
7300 

1180 
1220 

960 
1150 

700 
1000 
1200 

700 
700 
700 
700 
400 
500 
800 

8 

9 

10 

Bald  cypress 

White  cedar 

DouKlaa  sDruce. .  .  . 

29 
23 
32 

7  9(K) 

6  300 

7  900 

1290  000 

910  0(M) 

1  680  0(X) 

6000 
5200 
5700 

800 
700 
800 

.500 
400 
500 

11 
12 
13 
14 
15 
16 
19 
20 

White    oak 

Overcup  "    

Post         "    

Cow          "    

Red          ••   

Texan      "    

Willow    "   

Spanish  "    

50 
46 
50 
46 
45 
46 
45 
46 

13  100 

1 1  300 

12  300 
1 1  500 

11  400 

13  100 
10  400 

12  000 

2  090  000 

1  620  000 

2  030  000 
1610  000 
1  970  000 
1  860  0(K) 
1  750  000 
1  930  0(K) 

8500 
7300 
7100 
7400 
7200 
8100 
7200 
7700 

2200 
1900 
3000 
1^00 
2300 
2000 
1600 
1800 

1000 

1000 

1100 

900 

1100 

900 

900 

900 

21 
27 
28 
29 
30 

Shagbark  hickory. . 
Piffnut           ** 

White  elm 

Cedar     "    

White  ash 

51 
56 
34 
46 
39 

16  000 
18  700 
10  300 
13  500 
10  800 

2  390  000 
2  730  000 
1  540  0(K) 
1  7(K)  000 
1  640  000 

9500 
10900 
65(K) 
8000 
7200 

2700 
3200 
1200 
2100 
1900 

1100 
1200 
800 
1300 
1100 

154.  Loading.  As  shown  in  §  138,  the  span  of  trestles  is  always 
small,  is  generally  14  foot,  and  is  never  greater  than  18  feet 
except  when  supported  by  knoo-braces.  The  greatest  load  that 
will  over  come  on  any  one  span  will  bo  the  concentrated  loading 
of  the  drivers  of  a  consolidation  locomotive.  With  spans  of  14 
feet  or  less  it  is  impossible  for  even  the  four  pairs  of  drii'ers  to 
be  on  the  same  span  at  once.  The  weight  of  the  rails,  ties,  and 
guard-rails  should  })0  added  to  obtain  the  total  load  on  the  string- 
ers^ and  the  weight  of  those,  phis  the  weight  of  the  stringers, 
should  he  added  to  obtain  the  pressure  on  the  caps  or  corbels. 
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This  dead  load  is  almost  insignificant  compared  with  the  live 
load  and  may  be  included  with  it.  The  weight  of  rails,  ties, 
etc.,  may  be  estimated  at  200  pounds  per  foot.  To  obtain  the 
weight  on  the  caps  the  weight  of  the  stringers  must  be  added, 
which  depends  on  the  design  and  on  the  weight  per  cubic  foot 
of  the  wood  employed.  But  as  the  weight  of  the  stringers  is 
comparatively  small,  a  considerable  percentage  of  variation  in 
weight  will  have  but  an  insignificant  effect  on  the  result.  Dis- 
regarding all  refinements  as  to  actual  dimensions,  the  ordinary 
maximum  loading  for  standard-gauge  railroads  may  be  taken 
as  that  due  to  four  pairs  of  driving-axles,  spaced  5'  0"  apart 
and  giving  a  pressure  of  2.5000  pounds  per.  axle.  This  should 
be  increased  to  40000  pounds  per  axle  (same  spacing)  for  the 
heaviest  traffic.  On  the  basis  of  25000  pounds  per  axle  the 
following  results  have  been  computed : 

STRESSES   ON   VARIOXTS   SPANS   DUE   TO   MOVING    LOADS    OF  25000 
POUNDS,  SPACED  5'  0"  APART. 


Span  in  feet. 

Max.  moment, 
ft.  lbs. 

Max.  shear. 

Max.  load  on 
one  cap. 

10 
12 
14 
16 
18 

65  000 
103  600 
142  400 
181  400 
220  600 

38  500 
45  000 
49  600 
54  725 
60  100 

52  100 
62  700 
74  200 
85  700 
97  900 

Although  the  dead  load  does  not  A^ary  in  proportion  to  the 
live  load,  yet,  considering  the  very  small  influence  of  the  dead 
load,  there  will  be  no  appreciable  error  in  assuming  the  corre- 
sponding values,  for  a  load  of  40000  lbs.  per  axle,  to  be  ^J  of 
those  given  in  the  a]:)ove  tabulation. 

155.  Factors  of  safety.  The  most  valuable  result  of  the  gov- 
ernment tests  is  the  knowledge  that  under  given  moisture  condi- 
tions the  strength  of  various  species  of  sound  timber  is  not  the 
variable  uncertain  quantity  it  was  once  supposed  to  be,  but  that 
its  strength  can  be  relied  on  to  a  comparatively  close  percentage. 
This  confidence  in  values  permits  the  employment  of  lower  fac- 
tors of  safety  than  have  heretofore  been  permissible.  Stresses, 
which  when  excessive  would  result  in  immediate  destruction, 
such  as  cross-breaking  and  columnar  stresses,  should  be  allowed 
a  higher  factor  of  safety — say  6  or  8  for  green  timber.  Other 
stresses,  such  as  crushing  across  the  gram  axvd  sUearing  alon^  the 
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neutral  axis,  which  will  be  apparent  to  inspection  before  it  is 
dangerous,  may  be  allowed  lower  factors — say  3  to  5. 

156.  Design  of  stringers.  The  strength  of  rectangular  beams 
of  equal  width  varies  as  the  square  of  the  depth ;  therefore  deep 
beams  are  the  strongest.  On  the  other  hand,  when  any  cross- 
sectional  dimension  of  timber  much  exceeds  12"  the  cost  is 
much  higher  per  M,  B.  M  ,  and  it  is  correspondingly  difficult  to  . 
obtain  thoroughly  sound  sticks,  free  from  wind-shakes,  etc. 
Wind-shakes  especially  affect  the  shearing  strength.  Also,  if 
the  required  transverse  strength  is  obtained  by  using  high  nar- 
row stringers,  the  area  of  pressure  between  the  stringers  and  the 
cap  may  become  so  small  as  to  induce  crushing  across  the  grain. 
This  is  a  very  common  defect  in  trestle  design.  As  already  in- 
dicated in  §  138,  the  span  should  vary  roughly  with  the  average 
height  of  the  trestle,  the  longer  spans  being  employed  when  the 
trestle  bents  are  very  high,  although  it  is  usual  to  employ  the 
same  span  throughout  any  one  trestle. 

To  illustrate,  if  we  select  a  span  of  14  feet,  the  load  on  one 
cap  "vi-ill  be  74200  lbs.  If  the  stringers  and  cap  arc  made  of 
long-leaf  yellow  pine,  which  require  the  closely  determined  value 
of  1180  lbs.  per  square  inch  to  produce  a  crushing  amounting 
to  3%  of  the  height  on  timber  with  12%  moisture,  we  may  use 
200  lbs.  per  square  inch  as  a  safe  pressure  even  for  green  tim- 
ber; this  will  require  371  square  inches  of  surface.  If  the  cap 
is  12"  wide,  this  will  require  a  width  of  31  inches,  or  say  2 
stringers  imder  each  rail,  each  8  inches  wide.  For  rectangular 
beams 

Moment  =  iR'bh^. 

Using  for  i2'  the  safe  value  1275  lbs.  per  square  inch,  we  have 

142400Xl2=iXl275x32x^^ 
from  which  /i  =  15".9.  If  desired,  the  width  may  be  increased 
to  9"  and  the  depth  correspondingly  reduced,  which  will  give 
similarly  ^==14".9,  or  say  15".  This  shows  that  two  beams, 
9"Xl5",  under  each  rail  will  stand  the  transverse  bending  and 
have  more  than  enough  area  for  crushing. 
The  shear  per  square  inch  will  equal 

3    total  shear      3      49600        .^^  ,,  .     , 

rr -. —  =  77 -r7Trrv-rr?  =  138  lbs.  per  sq.  mch, 

2  cross-section     24X9X15  ^       ^  ' 

which  is  a  safe  value,  although  it  should  ptelet^Jc^^  Vjfc\^'aa» 
Hence  the  above  combination  of  dimensions  m\\  axvsT^^t. 
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The  deflection  should  be  computed  to  see  if  it  exceeds  tb 
somewhat  arbitrary  standard  of  -g^j^  of  the  span.  The  deflec 
tion  for  uniform  loading  is 


in  which  Z= length  in  inches; 

W= total  load,  assumed  as  uniform; 

^= modulus  of  elasticity,  given  as  2,070,000  lbs. 

per  sq.  in.  for  long-leaf  pine,   12%  dry,  and  assumed  to  be 
1^00,000  for  green  timber.     Then 

5X72800X108^         _n'"?7 
32X36X15^X1200000  ' 


^^X168"=0".84, 

so  that  the  calculated  deflection  is  well  within  the  limit.  Of 
course  the  loading  is  not  strictly  uniform,  but  even  with  a  lib- 
eral allowance  the  deflection  is  still  safe. 

For  the  heaviest  practice  (40000  lbs.  per  axle)  these  stiingei 
dimensions  must  be  correspondingly  increased. 

157.  Design  of  posts.  Four  posts  are  generally  used  for 
single-track  work.  The  inner  posts  are  usually  braced  by  the 
cross-braces,  so  that  their  columnar  strength  is  largely  increased; 
but  as  they  are  apt  to  get  more  than  their  share  of  work,  the  ad- 
vantage is  -compensated  and  they  should  be  treated  as  unsup- 
ported columns  for  the  total  distance  between  cap  and  sill  in 
simple  bents,  or  for  the  height  of  stories  in  multiple-story  con- 
struction. The  caps  and  sills  are  assumed  to  have  a  width  of  12". 
It  facilitates  the  application  of  bracing  to  have  the  coLunms  of 
the  same  width  and  vary  the  otlier  dimension  as  required. 

Unfortunately  the  experimental  work  of  the  U.  S.  Govern- 
ment on  timber  testing  has  not  yet  progressed  far  enough  to 
estublish  unquestionixhly  a  general  relation  between  the  strength 
of  long  columns  and  the  crushing;  strei\^\\v  ol  ^Wti  blocks.    The 
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following  formula  has  been  suggested,  but  it  cannot  be  consid- 
ered as  established : 

.     „,,     700  + 15c  .       ,  .  , 

'=^><700T15?T7-     "^""^'^ 

/=  allowable  working  stress  per  sq.  in  for  long  columns; 

F=-       ''  '*  ''      ''    '*    ''    ''   short  blocks; 

I 

Z>=  length  of  column  in  inches; 

d=  least  cross-sectional  dimensions  in  inches. 

Enough  work  has  been  done  to  give  great  reliability  to  the  two 
following  formulae  for  white  pine  and  yellow  pine,  quoted  from 
Johnson's  "Materials  of  Construction,"  p.  68^: 

Working  load  per  sq.  in.  =p  =  1000  —  t"  (  t  )  >  long-leaf  pine ; 
''    ''    ''    **  =p=  600-- /|y,  white  pme; 

in  which  i==  length  of  column  in  inches,     ai 

/t=  least  cross-sectional  dimension  in  inches. 

The  frequent  practice  is  to  use  12"X12"  posts  for  all  trestles. 
If  we  substitute  in  the  above  formula  Z  =20' =240"  and  ^  =  12" 
we  have  p  =  1000 -i(Vir)^  =900  lbs. 

900X144  =  129600  lbs.,  the  working  load  for  each  post.  This 
is  more  than  the  total  load  on  one  trestle  bent  and  illustrates 
the  usual  great  waste  of  timber.  Making  the  post  8"X  12"  and 
calculating  sunilarly ,  we  have  p  =  775,  and  the  working  load  per 
column  is  775X96  =  74400  lbs.  As  considerable  must  be 
allowed  for  "weathering,"  which  destroys  the  strength  of  the 
outer  layers  of  the  wood,  and  also  for  the  dynamic  effect  of 
the  live  load,  8"X12"  may  not  be  too  great,  but  it  is  certainly 
a  safe  dimension.  12"  X  6"  would  possibly  prove  amply  safe 
in  practice.  One  method  of  allowing  for  weathering  is  to  dis- 
regard the  outer  half-inch  on  all  sides  of  the  post,  i.e.,  to  cal- 
culate the  strength  of  a  post  one  inch  smaller  in  caieVv  ^jLVte^exvixcycv 
than  the  post  actually  employed.    On  this  basis  a.iv  ^' '  y^Vi' '  "A'i.^' 
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post,  computed  as  a  7"Xll'  post,  would  have  a  safe  columnar 
strength  of  706  lbs.  per  square  inch.  With  an  area  of  77  square 
inches,  this  gives  a  working  load  of  54362  lbs.  for  ecich  post,  or 
217448  lbs.  for  the  four  posts.  Considering  that  74200  lbs. 
is  the  maximum  load  on  one  cap  (14  feet  span),  the  great  excess 
of  strength  is  apparent. 

158.  Design  of  caps  and  sills.  The  stresses  in  caps  and  sills 
are  very  indefinite,  except  as  to  crushing  across  the  grain.  As 
the  stringers  arc  placed  almost  directly  over  the  inner  posts,  and 
as  the  sills  are  supported  just  under  the  posts,  the  transverse 
stresses  are  almost  insignificant.  In  the  above  case  four  posts 
have  an  area  of  4  X 12"  X  8"  =384  sq.  in.  The  total  load, 
74200  lbs.,  will  then  give  a  pressure  of  193  pounds  per  square 
inch,  which  is  witliin  the  allowable  limit.  This  one  feature 
might  require  the  use  of  8"Xl2"  posts  rather  than  6"X12" 
posts,  for  the  smaller  posts,  although  probably  strong  enough  as 
posts,  would  produce  an  objectionably  high  pressure. 

159.  Bracing.  Although  some  idea  of  the  stresses  in  the 
bracing  could  be  found  from  certain  assumptions  as  to  wind- 
pressure,  etc.,  yet  it  would  probably  not  be  found  wise  to  de- 
crease, for  the  sake  of  economy,  the  dimensions  which  practice 
has  shown  to  be  sufficient  for  the  work.  The  economy  that 
would  be  possible  Avould  be  too  insignificant  to  justify  any  risk. 
Therefore  the  usual  dimensions,  given  in  §§  139  and  140,  should 
be  employed. 


CHAPTER  V. 

TUNNELS. 
SURVEYING. 

160.  Surface  surveys.  As  tunnels  are  always  dug  from  each 
end  and  frequently  from  one  or  more  intermediate  shafts,  it  is 
necessary  that  an  accurate  surface  survey  should  be  made 
between  the  two  ends.  As  the  natural  surface  in  a  locality 
where  a  tunnel  is  necessary  is  almost  invariably  very  steep  and 
rough,  it  requires  the  employment  of  unusually  refined  methods 
of  work  to  avoid  inaccuracies.  It  is  usual  to  run  a  line  on  the 
surface  that  will  be  at  every  point  vertically  over  the  center  line 
of  the  tunnel.  Tunnels  are  generally  made  straight  unless 
curves  are  absolutely  necessary,  as  curves  add  greatly  to  the 
cost.     Fig.  85  represents  roughly  a  longitudinal  section  of  the 
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Fia.  85. — Sketch  op  Section  op  the  Hoosac  Tunnel. 


Hoosac  Tunnel.  Permanent  stations  were  located  at  A,  B,  C, 
D,  Ej  and  F,  and  stone  houses  were  built  at  A,  B,  C,  and  D. 
These  were  located  with  ordinary  field  transits  at  first,  and  then 
all  the  points  were  placed  as  nearly  as  possible  in  one  vertical 
plane  by  repeated  trials  and  minute  corrections,  using  a  very 
large  specially  constructed  transit.  The  stations  D  and  F  were 
necessary  because  E  and  A  were  invisible  from  Cand  B.  The 
alignment  at  A  and  E  having  been  determined  with  great  accu 
racy,  the  true  alignment  was  easily  carried  luto  tVv^  \,\rM\^. 
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The  relative  elevations  of  A  and  E  were  detennined  with 
great  accuracy.  Steep  slopes  render  necessary  many  settings 
of  the  level  per  unit  of  horizontal  distance  and  require  that  the 
work  be  unusually  accurate  to  obtain  even  fair  accuracy  per 
unit  of  distance.  The  levels  are  usually  re -run  many  times 
untd  the  probable  error  is  a  very  small  quantity 

The  exact  horizontal  distance  between  the  two  ends  of  the 
tunnel  must  also  be  known,  especially  if  the  tunnel  is  on  a 
grade.  The  usual  steep  slopes  and  rough  topography  likewise 
lender  accurate  horizontal  measurements  very  difficult.  Fre- 
quently when  the  slope  is  steep  the  measurement  is  best  ob- 
tained by  measuring  along  the  slope  and  allowing  for  grade. 
This  may  be  very  accurately  done  by  employing  two  tripods 
(level  or  transit  tripods  serve  the  purpose  very  well),  setting 
them  up  slightly  less  than  one  tape-length  apart  and  measuring 
between  horizontal  needles  set  in  wooden  blocks  inserted  in  the 
top  of  each  tripod.  The  elevation  of  each  needle  is  also  observed. 
The  true  horizontal  distance  between  two  successive  positions 
of  the  needles  then  equals  the  square  root  of  the  difference  of 
the  squares  of  the  inclined  distance  and  the  difference  of  elevar 
tion.  Such  measurements  will  probably  be  more  accurate  than 
those  made  b}^  attempting  to  hold  the  tape  horizontal  •  and 
plumbing  down  with  plumb-bobs,  because  (1)  it  is  practically 
difficult  to  hold  both  ends  of  the  tape  truly  horizontal ;  (2)  on 
steep  slopes  it  is  impossible  to  hold  the  down-hill  end  of  a  100- 
foot  tape  (or  even  a  25-foot  length)  on  a  level  with  the  other 
end,  and  the  great  increase  in  the  number  of  applications  of  the 
unit  of  measurement  very  greatly  increases  the  probable  error 
of  the  whole  measurement;  (3)  the  vibrations  of  a  plumb-bob 
introduce  a  large  probability  of  error  in  transferring  the  meas- 
urement from  the  elevated  end  of  the  tape  to  the  ground,  and 
the  incTeased  number  of  such  applications  of  the  unit  of  meas- 
urement still  furl  her  increases  the  probable  error. 

i6i.  Surveying  down  a  shaft.  If  a  shaft  is  sunk,  as  at  5, 
Fig  Sb,  and  it  is  desired  to  dig  out  the  tunnel  in  both  directions 
from  the  foot  of  the  shaft  so  as  to  meet  the  headings  from  the 
outside,  it  is  necessary  to  know,  when  at  the  bottom  of  the 
shaft,  the  elevation,  alignment,  and  horizontal  distance  from 
each  end  of  the  tunnel. 

Tlie  elevation  is  generally  carried  down. a  shaft  by  means  of 
a  steel  tape.     This  method  involves  the  least  number  of  appli- 
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cations  of  the  unit  of  measurement  and  greatly  increases  the 
accuracy  of  the  final  result. 

The  horizontal  distance  from  each  end  may  be  easily  trans- 
ferred down  the  shaft  by  means  of  a  plumb-bob,  using  some  of 
the  precautions  described  in  the  next  paragraph. 

To  transfer  the  alignment  from  the  surface  to  the  bottom  of 
a  shaft  requires  the  highest  skill  because  the  shaft  is  always 
small,  and  to  produce  a  line  perhaps  several  thousand  feet  long 
in  a  direction  given  by  two  points  6  or  8  feet  apart  requires 
that  the  two  points  must  be  determined  with  extreme  accuracy. 
The  eminently  successful  method  adopted  in  the  Hoosac  Tunnel 
will  be  briefly  described:  Two  beams  were  securely  fastened 
across  the  top  of  the  shaft  (1030  feet  deep),  the  beams  being 
placed  transversely  to  the  direction  of  the  tunnel  and  as  far 
apart  as  possible  and  j'^et  allow  plumb-lines,  hung  from  the 
intersection  of  each  beam  with  the  tunnel  center  line,  to  swing 
freely  at  the  bottom  of  the  shaft.  These  intersections  of  the 
beams  with  the  center  line  were  determined  by  averaging  the 
results  of  a  large  number  of  careful  observations  for  alignment. 
T^vo  fine  parallel  wires,  spaced  about  ^^"  apart,  were  then 
stretched  between  the  beams  so  that  the  center  line  of  the 
tunnel  bisected  at  all  points  the  space  between  the  wares. 
Plumb-bobs,  weighing  15  pounds,  were  suspended  by  fine  wires 
beside  each  cross-beam,  the  wires  passing  between  the  two 
parallel  alignment  wires  and  bisecting  the  sjmce.  The  plumb- 
bobs  were  allowed  to  sAving  in  pails  of  water  at  the  bottom. 
Drafts  of  air  up  the  shaft  required  the  construction  of  boxes 
surrounding  the  wires.  Even  these  precautions  did  not  suffice 
to  absolutely  prevent  vibration  of  the  wire  at  the  bottom 
through  a  very  small  arc.  The  mean  point  of  these  vibrations 
in  each  case  was  then  located  on  a  rigid  cross-beam  suitably 
placed  at  the  bottom  of  the  shaft  and  at  about  the  level  of  the 
roof  of  the  tunnel.  Short  plumb-lines  were  then  suspended 
from  these  points  whenever  desired ;  a  transit  was  set  (by  trial) 
so-  that  its  Itne  of  collimation  passed  through  both  plumb-lines 
and  the  line  at  the  bottom  could  thus  be  prolonged. 

Some  recent  experience  in  the  "Tamarack"  shaft,  4250  feet 
deep,  shows  that  the  accuracy  of  the  results  may  be  affected  by 
air-currents  to  an  unsuspected  extent.     Two  50-lb.  cast-iron 
phimb-bobs  were  suspended  with  No.  24  p\aTvo-^\T^  m  \>ns» 
shaft.    The  carefully  measured   distances  bet^eet:^  \>aa  ^wx^% 
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at  top  and.  bottom  were  16.32  and  16.43  feet  respectively. 
After  considerable  experimenting  to  determine  the  cause  of 
the  variation,  it  was  finally  concluded  that  air-currents  were 
alone  responsible.  The  variation  of  the  bobs  from  a  true  ver- 
tical plane  passing  through  the  wires  at  the  top  was  of  course 
an  unknown  quantity,  but  since  the  variation  in  one  direction 
amounted  to  0.11  foot,  the  accuracy  in  other  directions  was 
very  questionable.  This  shows  that  a  careful  comparative 
measurement  between  the  wires  at  top  and  bottom  should 
always  be  made  as  a  test  of  their  parallelism. 

162.  Underground  siurveys.  Survey  marks  are  frequently 
placed  on  the  timbering,  but  they  .are  apt  to  prove  unreliable 
on  account  of  the  shifting  of  the  timbering  due  to  settlement 
of  the  surrounding  material  They  should  never  be  placed  at 
the  bottom  of  the  tunnel  on  account  of  the  danger  of  being 
disturbed  or  covered  up.  Frequently  holes  are  drilled  in  the 
roof  and  filled  with  wooden  plugs  in  which  a  hook  is  screwed 
exactly  on  line  Although  this  is  probably  the  safest  method, 
even  these  plugs  are  not  always  undisturbed,  as  the  material, 
unless  very  hard,  will  often  settle  slightly  as  the  excavation 
proceeds.  When  a  tunnel  is  perfectly  straight  and  not  too  long, 
alignment-points  may  be  given  as  frequently  as  desired  from 
permanent  stations  located  outside 
the  tunnel  where  they  are  not  liable 
to  disturbance.  This  has  been  ac- 
complished by  running  the  align- 
ment through  the  upper  part  of  the 
cross-section,  at  one  side  of  the  cen- 
ter, where  it  is  out  of  the  way  of 
the  piles  of  masonry  material, 
d4bris,  etc.,  which  are  so  apt  to 
choke  up  the  lower  part  of  the 
cross-section.  The  position  of  this 
line  relative  to  the  cross-section 
being  fixed,  the  alignment  of  any 
required  point  of  the  cross-section 
is  readily  found  by  moans  of  a  light 
frame  or  template  with  a  fixed  tar- 
get located  where  this  line  would  intersect  the  frame  when 
properly  placed.  A  level-bubble  on  the  frame  will  assist  in 
setting  the  frr.me  in  its  proper  position. 
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In  all  tunnel  surveying  the  cross-wires  must  b&  illuminated 
by  a  lantern,  and  the  object  sighted  at  must  also  be  illuminated. 
A  powerful  dark-lantern  with  the  opening  covered  with  ground 
glass  has  been  found  useful.  This  may  be  used  to  illuminate  a 
plumb-bob  string  or  a  very  fine  rod,  or  to  place  behind  a  brass 
plate  having  a  narrow  slit  in  it,  the  axis  of  the  slit  and  plate 
being  coincident  with  the  plumb-bob  string  by  which  it  is 
hung. 

On  account  of  the  interference  to  the  surveying  caused  by 
the  work  of  construction  and  also  by  the  smoke  and  dust  in  the 
air  resulting  from  the  blasting,  it  is  generally  necessary  to  make 
the  surveys  at  times  when  construction  is  temporarily  sus- 
pended. 

163.  Accuracy  of  tunnel  surveying.  Apart  from  the  very 
natural  desire  to  do  surveying  which  shall  check  well,  there  is 
an  important  financial  side  to  accurate  tunnel  surveying.  If 
the  survey  lines  do  not  meet  as  desired  when  the  headings  come 
together,  it  may  be  found  necessary,  if  the  error  is  of  appreciable 
size,  to  introduce  a  slight  curve,  perhaps  even  a  reversed  curve, 
into  the  alignment,  and  it  is  even  conceivable  that  the  tunnel 
section  would  need  to  be  enlarged  somewhat  to  allow  for  these 
curves.  The  cost  of  these  changes  and  the  perpetual  annoyance 
due  to  an  enforced  and  undesirable  alteration  of  the  original 
design  will  justify  a  considerable  increase  in  the  expenses  of  the 
survey.  Considering  that  the  cost  of  surveys  is  usually  but  a 
small  fraction  of  the  total  cost  of  the  work,  an  increase  of  10  or 
even  20%  in  the  cost  of  the  surveys  will  mean  an  insignificant 
addition  to  the  total  cost  and  frequently,  if  not  generally,  it  will 
result  in  a  saving  of  many  times  the  increased  cost.  The 
accuracy  actually  attained  in  two  noted  American  tunnels  is 
given  as  follows:  The  Musconetcong  tunnel  is  about  5000  feet 
long,  bored  through  a  mountain  400  feet  high.  The  error  of 
alignment  at  the  meeting  of  the  headings  was  0'.04,  error  of 
levels  0'.015,  error  of  distance  0'.52.  The  Hoosac  tunnel  is 
over  25000  feet  long.  The  heading  from  the  east  end  met  the 
heading  from  the  central  shaft  at  a  point  11274  feet  from  the 
east  end  and  1563  feet  from  the  shaft.  The  error  in  alignment 
was  ^%  of  an  inch,  that  of  levels  "a  few  hundredths,"  error  of 
distance  "trifling."  The  alignment,  corrected  at  the  shaft, 
was  carried  on  through  and  met  the  heading  froixv  l\\fc  ^^-^Ho  <«v^ 
at  a  point  10138  feet  from  the  west  end  and  *i^^^  i^^^*  \^^\s\. 
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the  shaft.     Here  the  error  of  alignment  was  y^g"  and  that  of 
levels  0.134  ft. 


164.  Cross-sections.  Nearly  all  tunnels  have  crossnsections 
peculiar  to  themselves — all  varying  at  least  in  the  details.  The 
general  form  of  a  great  many  timnels  is  that  of  a  rectangle  sur- 
mounted by  a  semi-circle  or  semi-ellipse.  In  very  soft  material 
an  inverted  arch  is  necessary  along  the  bottom.  In  such  cases 
the  sides  will  generally  be  arched  instead  of  vertical.  The  sides 
are  frequently  battered.  With  very  long  tunnels,  several  forms 
of  cross-section  will  often  be  used  in  the  same  tunnel,  owing  to 
differences  in  the  material  encountered.  In  solid  rock,  which 
will  not  disintegrate  upon  exposure,  no  lining  is  required,  and 
the  cross-section  will  be  the  irregular  sectioii  left  by  the  blasting, 
the  only  requirement  being  that  no  rock  shall  be  left  within  the 
required  cross-sectional  figure.  Farther  on,  in  the  same  tunnel, 
when  passing  through  some  very  soft  treacherous  material,  it 
may  be  necessary  to  put  in  a  full  arch  lining — ^top,  sides,  and 
bottom — which  will  be  nearly  circular  in  cross-section.  For 
an  illustration  of  this  see  Figs.  87  and  88. 

The  width  of  tunnels  varies  as  greatly  as  the  designs.  Single- 
track  tunnels  generally  have  a  width  of  15  to  16  feet.  Occa- 
sionally they  have  been  built  14  feet  wide,  and  even  less,  and 
also  up  to  18  feet,  especially  when  on  curves.  24  to  26  feet  is 
the  most  common  width  for  double  track.  Many  double-track 
tunnels  are  only  22  feet  wide,  and  some  are  28  feet  wide.  The 
heights  are  generally  19  feet  for  single  track  and  20  to  22  feet 
for  double  track.  The  variations  from  these  figures  are  con- 
siderable. The  lower  limits  depend  on  the  cross-section  of  the 
rolling  stock,  with  an  indefinite  allowance  for  clearance  and  ven- 
tilation. Cross-sections  which  coincide  too  closely  with  what  is 
absolutely  reciuired  for  clearance  are  objectionable,  because  any 
slight  settlement  of  the  lining  which  would  other^^'ise  be  harm- 
less would  then  become  troublesome  and  even  dangerous.  Figs, 
87,  88,  and  89  *  show  some  typical  cross-sections. 

165.  Grade.  A  grade  of  at  least  0  2%  is  needed  for  drainage. 
If  the  tunnel  is  at  the  summit  of  two  grades,  the  tunnel  grade 
should  be  practically  level,  with  an  allowance  for  drainage,  the 

♦  Drinker's  "T\inne\in6." 
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Fig.  87. — Hoosac  Tunnel.    Section  through  Somd  Rook. 


y/^T':^Tz 


Fio.  88. — Hoosac  Tunnel.    Section  throtjoh  Sort  QiWiX3'OT>% 
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actual  summit  being  perhaps  in  the  center  so  as  to  drain  both 
ways.  When  the  tunnel  forms  part  of  a  long  ascending  grade, 
it  is  advisable  to  reduce  the  grade  through  the  tunnel  unless  the 
tunnel  is  very  short  The  additional  atmospheric  resistance  and 
the  decreased  adhesion  of  the  driver  wheels  on  the  damp  rails  in 
a  tunnel  will  cause  an  engine  to  work  very  hard  and  still  more 
rapidly  vitiate  the  atmosphere  until  the  accumulation  of  poison- 
ous gases  becomes  a  source  of  actual  danger  to  the  engineer  and 


Fio.  89.  -St.  Cloud  Tunnel. 

fireman  of  the  locomotive  and  of  extreme  discomfort  to  the 
passengers.  If  the  nominal  ruling  grade  of  the  road  were 
maintained  through  a  tunnel,  the  maximum  resistance  would  be 
found  in  the  timnci.  This  would  probably  cause  trains  to  stall 
there,  which  would  be  objectionable  and  perhaps  dangerous. 

1 66.  Lining.  It  is  a  characteristic  of  many  kinds  of  rock 
and  of  all  earthy  material  that,  although  they  may  be  seK- 
sustaining  when  first  exposed  to  the  atmosphere,  they  rapidly 
disintegrate  and  require  that  the  top  and  perhaps  the  ^ides  and 
even  the  bottom  shall  be  lined  to  prevent  caving  in.  In  this 
country,  when  timber  is  cheap,  it  is  occasionally  framed  as  an 
arch  and  used  as  the  permanent  lining,  })ut  masonry  is  alwaj's 
to  be  preferred.     Frequently  the  cross-section  is  made  extra 
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large  so  that  a  masonry  lining  may  subsequently  be  placed  inside 
the  wooden  lining  and  thus  postpone  a  large  expense  until  the 
road  is  better  able  to  pay  for  the  work.  In  very  soft  unstable 
material,  like  quicksand,  an  arch  of  cut  stone  voussoirs  may  be 
necessary  to  withstand  the  pressure.  A  good  quality  of  brick  is 
occasionally  used  for  lining,  as  they  are  easily  handled  and  make 
good  masonry  if  the  pressure  is  not  excessive.  Only  the  best 
of  cement  mortar  should  be  used,  economy  in  this  feature  being 
the  worst  of  folly.  Of  course  the  excavation  must  include  the 
outside  line  of  the  lining.  Any  excavation  which  is  made  out- 
side of  this  line  (by  the  fall  of  earth  or  loose  rock  or  by  exces- 
siA'e  blasting)  must  be  refilled  with  stone  well  packed  in.  Occa- 
sionally it  is  necessary  to  fill  these  spaces  with  concrete.  Of 
course  it  is  not  necessary  that  the  lining  be  uniform  throughout 
the  tunnel. 

167.  Shafts.     Shafts  are  variously  made  with  square,  rectan- 
gular, elliptical,  and   circular    cross-sections.     The  rectangular 


Fig.  90. — Connection  with  Shaft,  Church  Hill  Tunnbi*. 


cross-section,  with  the  longer  axis  parallel  with  the  tunnel,  is 
most  usually  employed.  Generally  the  shaft  is  directly  over  the 
center  of  the  tunnel,  but  that  always  imphcs  a  complicated  q,q\^- 
nection  between  the  linings  of  the  tunneV  axi^  ^abW.,  ^^oNx^'ei^i. 
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such  linings  are  necessary.  It  is  easier  to  sink  a  shaft  near  to 
one  side  of  the  tunnel  and  make  an  opening  through  the  nearly 
vertical  side  of  the  tunnel.  Such  a  method  was  employed  in;  the 
Church  Hill  Tunnel,  illustrated  in  Fig.  90.*  Fig.  91 1  shows 
a  cross-section  for  a  large  main  shaft.  Many  shafts  have  been 
built  with  the  idea  of  being  left  open  permanently  for  ventila- 
taoa  and  have  therefore  been  elaborately  lined  with  masonry. 


Fio.  91. — Crobs-section.     Large  Main  Shaft. 

The  general  consensus  of  opinion  now  appears  to  be  that  shafts 
are  worse  than  useless  for  ventilation ;  that  the  quick  passage  of 
a  train  through  the  tunnel  is  the  most  effective  ventilator;  and 
that  shafts  only  tend  to  produce  cross-currents  and  are  ineffective 
to  clear  the  air.  In  consequence,  many  of  these  elaborately 
lined  shafts  have  been  permanently  closed,  and  the  more  recent 
practice  is  to  close  up  a  shaft  as  soon  as  the  tunnel  is  completed. 
Shafts  always  form  drainage -wells  for  the  material  they  pass 
through,  and  sometimes  to  such  an  extent  that  it  is  a  serious 
matter  to  dispose  of  the  water  that  collects  at  the  bottom, 
requiring  the  construction  of  large  and  expensive  drains. 

i68.  Drains.  A  tunnel  will  almost  invariably  strike  veins  of 
water  which  will  promptly  begin  to  drain  into  the  tunnel  and 
not  only  cause  considerable  trouble  and  expense  during  construc- 
tion, but  necessitate  the  provision  of  permanent  drains  for  its 
perpetual  disposal.     These  drains  must  frequently  be  so  large  as 


*  Drinker's  "Tunneling." 
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to  appreciably  increase  the  required  cross-secticwi  of  the  tunnel. 
Generally  a  small  open  gutter  on  each  side  will  suffice  for  this 
purpose,  but  in  double-track  tunnels  a  large  covered  drain  is 
often  built  between  the  tracks.  It  is  sometimes  necessary  to 
thoroughly  grout  the  outside  of  the  lining  so  that  water  will  not 
force  its  way  through  the  masonry  and  perhaps  injure  it,  but 
may  freely  drain  down  the  sides  and  pass  through  openings  in 
the  side  walls  near  their  base  into  the  gutters. 

CONSTRUCTION. 

169.  Headings.  The  methods  of  all  tiumel  excavation  de- 
pend on  the  general  principle  that  all  earthy  material,  except 
the  softest  of  liquid  mud  and  quicksand,  will  be  self-sustaining 
over  a  greater  or  less  area  and  for  a  greater  or  less  time  after 
excavation  is  made,  and  the  work  consists  in  excavating  some 
material  and  immediately  propping  up  the  exposed  surface  by 
timbering  and  poling-boards.  The  excavation  of  the  cross- 
section  begins  with  cutting  out  a  "heading,"  which  is  a  small 
horizontal  drift  whose  breast  is  constantly  kept  15  feet  or  more 
in  advance  of  the  full  cross-sectional  excavation.  In  solid 
self-sustaining  rock,  which  will  not  decompose  upon  exposure 
to  air,  it  becomes  simply  a  matter  of  excavating  the  rock  with 
the  least  possible  expenditure  of  time  and  energy.  In  soft 
ground  the  heading  must  be  heavily  timbered,  and  as  the  heading 
is  gradually  enlarged  the  timbering  must  be  gradually  extended 
and  perhaps  replaced,  according  to  some  regular  system,  so  that 
when  the  full  cross-section  has  been  ex- 
cavated it  is  supported  by  such  timbering 
as  is  intended  for  it.  The  heading  is 
sometimes  made  on  the  center  line  near 
the  top;  with  other  plans,  on  the  center 
line  near  the  bottom ;  and  sometimes  two 
simultaneous  headings  are  run  in  the  two 
lower  corners.  Headings  near  the  bot- 
tom serve  the  purpose  of  draining  the 
material  above  it  and  facilitating  the 
excavation.  The  simplest  case  of  head- 
ing timbering  is  that  shown  in  Fig.  92, 
in  which  cross-timbers  are  placed  at  in-  p^^   93. 

tervals  just  under  the  roof,  set  in  notches 
cut  in  the  side  walls  and  supporting  po\vag-bo«Jtd^  >«\i\Oft.  «^^ 
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tain  whatever  pressure  may  come  on  them.  Cross-timbers 
near  the  bottom  support  a  flooring  on  ^vhich  vehicles  for  trans- 
porting material  may  be  run  and  under  which  the  drainage 
may  freely  escape.  As  the  necessity  for  limbering  becomes 
greater,  side  timbers  and  even  bottom  timbers  nmst  be  added, 
these  timbers  supporting  poling -boards,  and  even  the  breast 
of  the  heading  must  be  protected  by  boards  suitably  braced, 


Ptcj,  0;J.— Timbering  for  Tunwel  HsiJtpiMQ, 


as  shown  in  Fig.  93.  The  supporting  timbers  are  framed  into 
collars  in  such  a  manner  that  added  pressure  only  increases 
their  rigidity. 

170.  Enlargement.  Enlargement  is  accomplishe<l  by  remov- 
ing the  poling-boards,  one  at  a  time,  excavating  a  greater  or  less 
amount  of  material,  and  immediately  supporting  the  exposcMi 
material  with  poling-boards  suitably  braced.  (See  Figs.  93  and 
94.)  This  work  being  systematically  done,  space  is  thereby 
obtained  in  which  the  framing  for  the  full  cro.ss-s(»ction  may  be 
gradually  introduced.     The  framing  is  constructed  with  a  cross- 
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section  so  large  that  the  masonry  lining  may  be  constructed 
within  it. 

171.  Distinctly e  features  of  various  methods  of  construction. 
There  are  six  general  systems,  known  as  the  English,  Grerman, 
Belgian,  French,  Austrian,  and  American.     They  are  so  named 


Fig.  94. 


from  the  origin  of  the  methods,  although  their  use  is  not  con- 
fined to  the  countries  named.  Fig.  95  shows  by  numbers  (1  to  5) 
the  order  of  the  excavation  within  the  cross-sections.  The  Eng- 
lish, Austrian,  and  American  systems  are  alike  in  excavating  the 
entire  cross-section  before  beginning  the  construction  of  the 
masonry  lining.  The  German  method  leaves  a  solid  core  (5) 
until  practically  the  whole  of  the  Uning  is  complete.  This  has 
the  disadvantage  of  extremely  cramped  quarters  for  work,  poor 
ventilation,  etc.  The  Belgian  and  French  methods  agree  in 
excavating  the  upper  part  of  the  section,  building  the  arch  at 
once,  and  supporting  it  temporarily  until  the  side  walls  are 
built.  The  Belgian  method  then  takes  out  the  core  (3),  removes 
very  short,  sections  of  the  sides  (4)  immediately  underpinning 
the  arch  with  short  sections  of  the  side  walls  and  thus  gradually 
constructing  the  whole  side  wall.  The  French  method  digs  out 
the  sides  (3),  supporting  the  arch  temporarily  with  timbers  and 
then  replacing  the  timbers  with  masonry;  the  core  (4)  is  taken 
out  last.  The  French  method  has  the  same  disadvantage  as  the 
German— working  in  a  cramped  space.  The  Belgian  and  French 
systems  have  the  disadvantage  that  the  arch,  supported  tempo- 
rarily on  timber,  is  very  apt  to  be  strained  and  cracked  by  the 
slight  settlement  that  so  frequently  occurs  in  soft  material.  The. 
English,  Austrian,  and  American  methods  diSex  ijaakiL^  *\xx  Nis^^ 
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the  shaft.     Here  the  error  of  alignment  was  -/j"  and  that  of 
levels  0.134  ft. 

DESIGN. 

164.  Cross-sections.  Nearly  all  tunnels  have  cross-sections 
peculiar  to  themselves — all  varying  at  least  in  the  details.  The 
general  form  of  a  great  many  tunnels  is  that  of  a  rectangle  sur- 
mounted by  a  semi-cirele  or  semi-ellipse.  In  very  soft  material 
an  inverted  arch  is  necessary  along  the  bottom.  In  such  cases 
the  sides  will  generally  be  arched  instead  of  vertical.  The  sides 
are  frequently  battered.  With  very  long  tunnels,  several  forms 
of  cross-section  will  often  be  used  in  the  same  tunnel,  owing  to 
differences  in  the  material  encountered.  In  solid  rock,  which 
will  not  disintegrate  upon  exposure,  no  lining  is  required,  and 
the  cross-section  will  be  the  irregular  section  left  by  the  blasting, 
the  only  requirement  being  that  no  rock  shall  be  left  within  the 
required  cross-sectional  figure.  FarthcT  on,  in  the  same  tunnel, 
when  passing  through  some  very  soft  treacherous  material,  it 
may  be  necessary  to  put  in  a  full  arch  lining — ^top,  sides,  and 
bottom — which  will  be  nearly  circular  in  cross-section.  For 
an  illustration  of  this  see  Figs.  87  and  88. 

The  width  of  tunnels  varies  as  greatly  as  the  designs.  Single- 
track  tunnels  generally  have  a  width  of  15  to  16  feet.  Occa- 
sionally they  have  been  built  14  feet  wide,  and  even  less,  and 
also  up  to  18  feet,  especially  when  on  curves.  24  to  26  feet  is 
the  most  common  width  for  double  track.  Many  double-track 
tunnels  are  only  22  feet  wide,  and  some  are  28  feet  wide.  The 
heights  are  generally  19  feet  for  single  track  and  20  to  22  feet 
for  double  track.  The  variations  from  these  figures  are  con- 
siderable. The  lower  limits  depend  on  the  cross-section  of  the 
rolling  stock,  with  an  indefinite  allowance  for  clearance  and  ven- 
tilation. Cross-sections  which  coincide  too  closely  with  what  is 
absolutely  roquin^d  for  clearance  are  objectionable,  because  any 
slight  settlement  of  the  lining  which  would  other\rise  be  harm- 
less would  then  become  troublesome  and  even  dangerous.  Figs. 
87,  88,  and  89  *  show  some  typical  cross-sections. 

165.  Grade.  A  grade  of  at  least  0  2%  is  needed  for  drainage. 
If  the  tunnel  is  at  the  summit  of  two  grades,  the  tunnel  grade 
should  be  practically  level,  with  an  allowance  for  drainage,  the 

♦  Drinker's  "TunixelmR.'* 
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Fio.  87. — IToosAc  Tunnel.    Section  through  Scud  Book. 


FiQ.  88. — HoosAc  Tunnel.    Section  through  8ofi  0-ws^^!k;>. 
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actual  summit  being  perhaps  in  the  center  so  as  to  drain  both 
ways.  When  the  tunnel  forms  part  of  a  long  ascending  grade, 
it  is  advisable  to  reduce  the  grade  through  the  tunnel  unless  the 
tunnel  is  very  short  The  additional  atmospheric  resistance  and 
the  decreased  adhesion  of  the  driver  Avheels  on  the  damp  rails  in 
a  tunnel  will  cause  an  engine  to  work  very  hard  and  still  more 
rapidly  vitiate  the  atmosphere  until  the  accumulation  of  poison- 
ous gases  becomes  a  source  of  actual  danger  to  the  engineer  and 


Fin.  89.     St.  Cloud  Tunnel. 


fireman  of  the  locomotive  and  of  extreme  discomfort  to  the 
passengers.  If  the  nominal  ruling  grade  of  the  road  were 
maintained  through  a  tunnel,  the  maximum  resistance  would  be 
found  in  the  tunnel.  Tliis  would  probably  cause  trains  to  stall 
there,  which  would  be  objectionable  and  perhaps  dangerous. 

i66.  Lining.  It  is  a  characteristic  of  many  kmds  of  rock 
and  of  all  earthy  material  that,  although  they  may  be  self- 
sustaining  when  first  exposed  to  the  atmosphere,  they  rapidly 
disintegrate  and  require  that  the  top  and  perhaps  the  ^ides  and 
even  the  bottom  shall  be  lined  to  prevent  caving  in.  In  this 
country,  when  timber  is  cheap,  it  is  occasionally  framed  as  an 
arch  and  used  as  the  permanent  lining,  but  masonry  is  alwa^'s 
to  be  preferred,     Frequently  the  cross-section  is  made  extra 
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large  so  that  a  masonry  lining  may  subsequently  be  placed  inside 
the  wooden  lining  and  thus  postpone  a  large  expense  until  the 
road  is  better  able  to  pay  for  the  work.  In  very  soft  unstable 
material,  like  quicksand,  an  arch  of  cut  stone  voussoirs  may  be 
necessary  to  withstand  the  pressure.  A  good  quality  of  brick  is 
occasionally  used  for  lining,  as  they  are  easily  handled  and  make 
good  masonry  if  the  pressure  is  not  excessive.  Only  the  best 
of  cement  mortar  should  be  used,  cconom}'  in  this  feature  being 
the  worst  of  folly.  Of  course  the  excavation  must  include  the 
outside  line  of  the  lining.  Any  excavation  which  is  made  out- 
side of  this  line  (by  the  fall  of  earth  or  loose  rock  or  by  exces- 
sive blasting)  must  be  refilled  with  stone  well  packed  in.  Occa- 
sionally it  is  necessary  to  fill  these  spaces  with  concrete.  Of 
course  it  is  not  necessary  that  the  lining  be  uniform  throughout 
the  tunnel. 

167.  Shafts.     Shafts  are  variously  made  with  square,  rectan- 
gular, elliptical,  and   circular    cross-sections.     The  rectangular 


Fig.  90. — Connection  with  Shaft,  Church  Hill  Tunnbi* 


cross-section,  with  the  longer  axis  parallel  with  the  tunnel,  is 
most  usually  employed.  Generally  the  shaft  is  directly  over  the 
center  of  the  tunnel,  but  that  always  implies  a  complicated  con- 
nection between  the  linings  of  the  turuneV  axv^  ^-aRX.,  ^-^^^nx"^^^ 
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such  linings  are  necessary.  It  is  easier  to  sink  a  shaft  near  to 
one  side  of  the  tunnel  and  make  an  opening  through  the  nearly 
vertical  side  of  the  tunnel.  Such  a  method  was  employed  in  the 
Church  Hill  Tunnel,  illustrated  in  Fig.  90.*  Fig.  91 1  shows 
a  cross-section  for  a  large  main  shaft.  Many  shafts  have  been 
built  with  the  idea  of  being  left  open  permanently  for  ventila- 
tdon  and  have  therefore  been  elaborately  lined  with  masonry. 


Fio.  91. — Cross-section.     Large  Main  Shaft. 

The  general  consensus  of  opinion  now  appears  to  be  that  shafts 
are  worse  than  useless  for  ventilation ;  that  the  quick  passage  of 
a  train  through  the  tunnel  is  the  most  effective  ventilator;  and 
that  shafts  only  tend  to  produce  cross-currents  and  are  ineffective 
to  clear  the  air.  In  consequence,  many  of  these  elaborately 
lined  shafts  have  been  permanently  closed,  and  the  more  recent 
practice  is  to  close  up  a  shaft  as  soon  as  the  tunnel  is  completed. 
Shafts  always  form  drainage -wells  for  the  material  they  pass 
through,  and  sometimes  to  such  an  extent  that  it  is  a  serious 
matter  to  dispose  of  the  water  that  collects  at  the  bottom, 
requiring  the  construction  of  large  and  expensive  drains. 

i68.  Drains.  A  timncl  will  almost  invariably  strike  veins  of 
water  which  will  promptly  begin  to  drain  into  the  tunnel  and 
not  only  cause  considerable  trouble  and  expense  during  construc- 
tion, but  necessitate  the  provision  of  permanent  drains  for  its 
perpetual  disposal.     Those  drains  must  frequently  be  so  large  as 


*  Drinker's  ''Tunneling." 

t  Rziha,  "Iveirbuch  der  Gesanimten  Tunnelbaukunst." 
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to  appreciably  increase  the  required  cross-secti<Mi  of  the  tunnel. 
Generally  a  small  open  gutter  on  each  side  will  suffice  for  this 
purpose,  but  in  double-track  tunnels  a  large  covered  drain  is 
often  built  between  the  tracks.  It  is  sometimes  necessary  to 
thoroughly  grout  the  outside  of  the  lining  so  that  water  will  not 
force  its  way  through  the  masonry  and  perhaps  injure  it,  but 
may  freely  drain  down  the  sides  and  pass  through  op>enings  in 
the  side  walls  near  their  base  into  the  gutters. 

CONSTRUCTION. 

169.  Headings.  The  methods  of  all  tunnel  excavation  de- 
pend on  the  general  principle  that  all  earthy  material,  except 
the  softest  of  liquid  mud  and  quicksand,  will  be  self-sustaining 
over  a  greater  or  less  area  and  for  a  greater  or  less  time  after 
excavation  is  made,  and  the  work  consists  in  excavating  some 
material  and  immediately  propping  up  the  exposed  surface  by 
timbering  and  poHng-boards.  The  excavation  of  the  cross- 
section  begins  with  cutting  out  a  "heading,"  which  is  a  small 
horizontal  drift  whose  breast  is  constantly  kept  15  feet  or  more 
in  advance  of  the  full  cross-sectional  excavation.  In  solid 
self-sustaining  rock,  which  will  not  decompose  upon  exposure 
to  air,  it  becomes  simply  a  matter  of  excavating  the  rock  with 
the  least  possible  expenditure  of  time  and  energy.  In  soft 
ground  the  heading  must  be  heavily  timbered,  and  as  the  heading 
is  gradually  enlarged  the  timbering  must  be  gradually  extended 
and  perhaps  replaced,  according  to  some  regular  system,  so  that 
when  the  full  cross-section  has  been  ex- 
cavated it  is  supported  by  such  timbering 
as  is  intended  for  it.  The  heading  is 
sometimes  made  on  the  center  line  near 
the  top;  with  other  plans,  on  the  center 
line  near  the  bottom ;  and  sometimes  two 
simultiineous  headings  are  run  in  the  two 
lower  corners.  Headings  near  the  bot- 
tom serve  the  purpose  of  draining  the 
material  above  it  and  facilitating  the 
excavation.  The  simplest  case  of  head- 
ing timbering  is  that  shown  in  Fig.  92, 
in  which  cross-timbers  are  placed  at  in-  p^^^   92. 

tervals  just  under  the  roof,  set  in  notches 
cut  in  the  side  walls  and  supporting  po\iix%-\iO«i2C^"&  >*i\ivO£v  ^5>s«r 
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tain  whatever  pressure  may  come  on  them.  Cross-timbers 
near  the  bottom  support  a  flooring  on  which  vehicles  for  trans- 
porting material  may  be  run  and  under  which  the  drainage 
may  freely  escape.  As  the  necessity  for  limbering  becomes 
greater,  side  timbers  and  even  bottom  timbers  must  be  added, 
these  timbers  supporting  poling -boards,  and  even  the  breast 
of  the  heading  must  be  protected  by  boards  suitably  braced. 


FlQ,  WJp TtMflPHlJiUji  FOR  TtJNMBL  HlfiAl>l,NCi, 

as  shown  in  Fig.  93.  The  supporting  timbers  are  framed  into 
collars  in  such  a  manner  that  added  pressure  only  increases 
their  rigidity. 

170.  Enlargement.  Enlargement  is  accomplishe<l  by  remov- 
ing the  poling-boards,  one  at  a  time,  excavating  a  gn^ater  or  less 
amount  of  material,  and  immediately  supporting  the  exposed 
material  with  poling-boards  suitably  braced.  (See  Figs.  93  and 
94.)  This  work  being  systematically  done,  space  is  thereby 
obtained  in  which  the  framing  for  the  full  cross-section  may  be 
gradually  introduced.     The  framing  is  constructed  with  a  cross- 
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section  so  large  that  the  masonry  lining  may  be  constructed 
within  it. 

171.  Distinctive  features  of  various  methods  of  construction. 
There  are  six  general  systems,  known  as  the  English,  German, 
Belgian,  French,  Austrian,  and  American.     They  are  so  named 


Fig.  94. 


from  the  origin  of  the  methods,  although  their  use  is  not  con- 
fined to  the  countries  named.  Fig.  95  shows  by  numbers  (1  to  5) 
the  order  of  the  excavation  within  the  cross-sections.  The  Eng- 
lish, Austrian,  and  American  systems  are  alike  in  excavating  the 
entire  cross-section  before  beginning  the  construction  of  the 
masonry  lining.  The  German  method  leaves  a  solid  core  (5) 
until  practically  the  whole  of  the  Uning  is  complete.  This  has 
the  disadvantage  of  extremely  cramped  quarters  for  work,  poor 
ventilation,  etc.  The  Belgian  and  French  methods  agree  in 
excavating  the  upper  part  of  the  section,  building  the  arch  at 
once,  and  supporting  it  temporarily  until  the  side  walls  are 
built.  The  Belgian  method  then  takes  out  the  core  (3),  removes 
very  short,  sections  of  the  sides  (4)  immediately  underpinning 
the  arch  with  short  sections  of  the  side  walls  and  thus  gradually 
constructing  the  whole  side  wall.  The  French  method  digs  out 
the  sides  (3),  supporting  the  arch  temporarily  with  timbers  and 
then  replacing  the  limbers  with  masonry;  the  core  (4)  is  taken 
out  last.  The  French  method  has  the  same  disadvantage  as  the 
German— working  in  a  cramped  space.  The  Belgian  and  French 
systems  have  the  disadvantage  that  the  arch,  supported  tempo- 
rarily on  timber,  is  very  apt  to  be  strained  and  cracked  by  the 
slight  settlement  that  so  frequently  occurs  in  soft  material.  T\\^ 
Eoglishi  Austrian,  and  American  methods  diSl^x  ixxeMiJL^  '^xx  ^^ 
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design  of  the  timbering.  The  English  support  the  roof  by  lines 
of  very  heavy  longiVudinal  timbers  wliich  are  supported  at  com- 
paratively wide  intervals  by  a  heavy  framework  occupying  the 
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Fia.  95. — Order  op  Worrino  by  the  Various  Systems. 


whole  cross-section.     The  Austrian  system  uses  such  frequent 

cross-frames  of  timber-work  that  poling-boards  will  suffice  to 

support  the  material  between  the  frames.     The  American  sys- 

tem  agrees  with  the  Austrian  in  uamg  frequent  cross-frames 
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supporting  poling-boards,  but  differs  from  it  in  that  the  "  cross- 
frames"  consist  simply  of  arches  of  3  to  15  wooden  voussoirs, 
the  voussoirs  being  blocks  of  12"  X 12"  timber  about  2  to  8  feet 
long  and  cut  with  joints  normal  to  the  arch.  These  arches  are 
put  together  on  a  centering  which  is  removed  as  soon  as  the  arch 
is  keyed  up  and  thus  immediately  opens  up  the  full  cross-section, 
so  that  the  center  core  (4)  may  be  immediately  dug  out  and  the 
masonry  constructed  in  a  large  open  space.  The  American  sys- 
tem has  been  used  successfully  in  very  soft  ground,  but  its  ad- 
vantages are  greater  in  loose  rock,  when  it  is  much  cheaper  than 
the  other  methods  which  employ  more  timber.  Fig.  90  and 
Plate  III  illustrate  the  use  of  the  American  system.  Fig.  90 
shows  the  wooden  arch  in  place.  The  masonry  arch  may  be 
placed  when  convenient,  since  it  is  possible  to  lay  the  track  and 
commence  traffic  as  soon  as  the  wooden  arch  is  in  place.  The 
student  is  referred  to  Drinker's  "Tunneling"  and  to  Rziha's 
"Lehrbuch  dcr  Gesammten  Tunnelbaukunst "  for  numerous 
illustrations  of  European  methods  of  tunnel  timbering. 

172.  Ventilation  during  construction.  Tunnels  of  any  great 
length  must  be  artificially  ventilated  during  construction.  If 
the  excavated  material  is  rock  so  that  blasting  is  necessary,  the 
need  for  ventilation  becomes  still  more  imperative.  The  inven- 
tion of  compressed-air  drills  simultaneously  soh'cd  two  difficul- 
ties. It  introduced  a  motive  power  which  is  unobjectionable  in 
its  application  (as  gas  would  be),  and  it  also  furnished  at  the  same 
time  a  supply  of  just  what  is  needed — pure  air.  If  no  blasting 
is  done  (and  sometimes  even  when  there  is  blasting),  air  must  be 
supplied  by  direct  pumping.  The  cooling  effect  of  the  sudden 
expansion  of  compressed  air  only  reduces  the  othen^ise  objection- 
ably high  temperature  sometimes  found  in  tunnels.  Since  pure 
air  is  being  continually  pumped  in,  the  foul  air  is  thereby  forced 
out. 

173.  Excavation  for  the  portals.  Under  normal  conditions 
there  is  always  a  greater  or  less  amount  of  open  cut  preceding 
and  following  a  tunnel.  Since  all  tunnel  methods  depend  (to 
some  slight  degree  at  least)  on  the  capacity  of  the  exposed  ma- 
terial to  act  as  an  arch,  there  is  implied  a  considerable  thickness 
of  material  above  the  tunnel.  This  thickness  is  reduced  to 
nearly  zero  over  the  tunnel  portals  and  therefore  requires  specral 
treatment,  particularly  when  the  material  is  very  «>ol\.»    "^'\^.^^^ 

*Rzlba,  "Xelirbuch  der  Gesammten  TMmxe'&i^>3aL>a3wX" 
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illustrates  one  method  of  breaking  into  the  ground  at  a  portal. 
The  loose  stones  are  piled  on  the  framing  to  gWe  stability  to  the 
framing  by  their  weight  and  also  to  retain  the  earth  on  the 


%  ■'  JT^LiA 


Fig.  96. — Timbering  for  Tunnel  Portal. 


slope  above.  Another  method  is  to  sink  a  temporary  shaft  to 
the  tunnel  near  the  portal;  immediately  enlarge  to  the  full  size 
and  build  the  masonry  lining;  then  work  back  to  the  portal. 
This  method  is  more  costly,  but  is  preferable  in  very  treacherous 
ground,  it  being  less  liable  to  cause  landslides  of  the  surface 
material. 

■  174.  Tunnels  vs;  open  cuts.     In  cases  in  which  an  open  cut 

rather  than  a.  tunnel  is  a  possibility  the  ultimate  consideration 

is  generally  that  of  first  cost  combmed  ^lYi  o\*Vi.«t  ^ancial  con- 
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siderations  and  annual  maintenance  charges  directly  or  indirectly 
connected  with  it.  Even  when  an  open  cut  may  be  constructed 
at  the  same  cost  as  a  timnel  (or  perhaps  a  little  cheaper)  the 
tunnel  may  be  preferable  under  the  following  conditions: 

1.  When  the  soil  indicates  that  the  open  cut  would  be  liable 
to  landslides. 

2.  When  the  open  cut  would  be  subject  to  excessive  snow- 
drifts or  avalanches. 

3.  When  land  is  especially  costly  or  it  is  desired  to  run  under 
existing  costly  or  valuable  buildings  or  monuments.  When  run- 
ning through  cities,  tunnels  are  sometimes  constructed  as  open 
cuts  and  then  arched  over. 

These  cases  apply  to  tunnels  vs.  open  cuts  when  the  align- 
ment is  fixed  by  other  considerations  than  the  mere  topography. 
The  broader  question  of  excavating  tunnels  to  ^v^oid  excessive 
grades  or  to  save  distance  or  curvature,  axui  similar  problems, 
are  hardly  susceptible  of  general  analy^i*"except  as  questions  of 
railway  economics  and  must  be  trea)fed  individually. 

175.  Cost  of  tunneling.  The#<^  of  any  construction  which 
involves  such  uncertainties--^  tunneling  is  very  variable.  It 
depends  on  the  materwt!  encountered,  the  amount  and  kind  of 
timbering  required,  06  the  size  of  the  cross-section,  on  the  price 
of  labor,  and  esp^ally  on  the  reconstruction  that  may  be  neces- 
sary on  account  of  mishaps. 

Headings  generally  cost  $4  to  $5  per  cubic  yard  for  excava- 
tion, while  the  remainder  of  the  cross-section  in  the  same  tunnel 
may  cost  about  half  as  much.  The  average  cost  of  a  large 
number  of  tunnels  in  this  country  may  be  seen  from  the  follow- 
ing table:* 


J 

Host  per  cubic  yard 

Cost  per 
lineal  foot. 

Excavation. 

Masonry. 

Material. 
ne< 

Single. 

^ 

Single. 

Double. 

Single. 

Double. 

Double. 

Hai^drock 

Loo  se  rock 

Softi  ground... . 

$5.89 
3.12 
3.62 

$5.45 
3.48 
4.64 

$12.00 

9.07 

15.00 

$8.25 
10.41 
10.50 

$69.76 
80.61 
135.31 

$142.82 
119.26 
174.42 

♦  Figures  derived  from  Drinker's  "TunneVm^." 
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siderations  and  annual  maintenance  charges  directly  or  indirectly 
connected  with  it.  Even  when  an  open  cut  may  be  constructed 
at  the  same  cost  as  a  tunnel  (or  perhaps  a  little  cheaper)  the 
tunnel  may  be  preferable  under  the  following  conditions: 

1.  When  the  soil  indicates  that  the  open  cut  would  be  liable 
to  landslides. 

2.  When  the  open  cut  would  be  subject  to  excessive  snow- 
drifts or  avalanches. 

3.  When  land  is  especially  costly  or  it  is  desired  to  run  under 
existing  costly  or  valuable  buildings  or  monuments.  When  run- 
ning through  cities,  tunnels  are  sometimes  constructed  as  open 
cuts  and  then  arched  over. 

These  cases  apply  to  tunnels  vs.  open  cuts  when  the  align- 
ment is  fixed  by  other  considerations  than  the  mere  topography. 
The  broader  question  of  excavating  tunnels  to  ^v^oid  excessive 
grades  or  to  save  distance  or  curvature,  axui  similar  problems, 
are  hardly  susceptible  of  general  analvjw^'exrept  as  questions  of 
railway  economics  and  must  be  trea)feted  individually. 

175.  Cost  of  tunneling.  The  jtfist  of  any  construction  which 
involves  such  uncertaintig^-Ss  tunneling  is  very  variable.  It 
depends  on  the  material  encountered,  the  amount  and  kind  of 
timbering  required,  o^  the  size  of  the  cross-section,  on  the  price 
of  labor,  and  esp^ally  on  the  reconstruction  that  may  be  neces- 
sary' on  account  of  mishaps. 

Headings  generally  cost  $4  to  $5  per  cubic  yard  for  excava- 
tion, while  the  remainder  of  the  cross-section  in  the  same  tunnel 
may  cost  about  half  as  much.  The  average  cost  of  a  large 
number  of  tunnels  in  this  country  may  be  seen  from  the  follow- 
ing table:* 


J 

Cost  per  cubic  yard. 

Cost  per 
lineal  foot. 

Excavation. 

Masonry. 

Material. 

ne< 

Single. 

1 

Single. 

Double. 

Single. 

Double. 

Double. 

Harftl  rock 

Loo  i*e  rock 

Soft)  ground.. .  . 

$5.89 
3.12 
3.62 

$5.45 
3.48 
4.64 

$12.00 

9.07 

15.00 

$8.25 
10.41 
10.50 

$69.76 

80.61 

135.31 

$142.82 
119.26 
174.42 

♦  Figures  derived  from  Drinker's  **Tuiiae\miit»" 
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A  considerable  variation  from  these  figures  may  be  found  in 
individual  cases,  due  sometimes  to  unusual  skill  (or  the  lack  of 
it)  in  prosecuting  the  work,  but  the  figures  will  generally  be 
sufficiently  accurate  for  preliminary  estimates  or  for  the  comr 
parison  of  two  proposed  routes. 


[ 


CHAPTER  VI. 
CULVERTS  AND  MINOR  BRIDGES. 

176.  Definition  and  object.  Although  a  variable  percentage 
of  the  rain  falling  on  any  section  of  country  soaks  into  the 
ground  and  does  not  immediately  reappear,  yet  a  very  large 
percentage  flows  over  the  surface,  always  seeking  and  follo\\'ing 
the  lowest  channels.  The  roadbed  of  a  railroad  is  constantly 
intersecting  these  channels,  wliich  frequently  are  normally  dry. 
In  order  to  prevent  injury  to  railroad  embankments  by  the  im- 
pounding of  such  rainfall,  it  is  necessary  to  construct  waterways 
through  the  embankment  through  w^hich  such  rainflow  may 
freely  pass.  Such  waterways,  called  culverts,  are  also  appli- 
cable for  the  bridging  of  very  small  although  perennial  streams, 
and  therefore  in  this  work  the  term  culvert  will  be  applied  to 
all  water-channels  passing  through  a  railroad  embankment 
which  are  not  of  sufficient  magnitude  to  require  a  special  struc- 
tural design,  such  as  is  necessary  for  a  large  masonry  arch  or  a 
truss  bridge. 

177.  Elements  of  the  design.  A  well-designed  culvert  must 
afford  such  free  passage  to  the  water  that  it  will  not  "back  up'' 
over  the  adjoining  land  nor  cause  any  injurv'  to  the  embankment 
or  culvert.  The  ability  of  the  culvert  to  discharge  freely  all  the 
water  that  comes  to  it  evidently  depends  chiefly  on  the  area  of 
the  watenvay,  but  also  on  the  form,  length,  slope,  and  materials 
of  construction  of  the  culvert  and  the  nature  of  the  approach 
and  outfall.  When  the  embankment  is  very  low  and  the  amoimt 
of  water  to  be  discharged  verj-  great,  it  sometimes  becomes 
necessary  to  allow  the  water  to  discharge  "under  a  head,"  i  e., 
with  the  surface  of  the  water  above  the  top  of  the  culvert. 
Safety  then  requires  a  much  stronger  construction  than  would 
otherwise  be  necessary  to  avoid  injury  to  the  culvert  or  embank- 
ment by  washing.  The  necessity  for  such  construction  should 
be  avoided  if  possible. 
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AREA   OP  THE   WATERWAY. 

178.  Elements  involved.  The  determination  of  the  required 
area  of  the  waterway  involves  such  a  multiplicity  of  indeter- 
minate elements  that  any  close  determination  of  its  value  from 
purely  theoretical  considerations  is  a  practical  impossibility. 
The  principal  elements  involved  are: 

a.  Rainfall.  The  real  test  of  the  culvert  is  its  capacity  to 
discharge  without  injurj^  the  flow  resulting  from  the  extraordi- 
nary rainfalls  and  ^' cloud  bursts"  that  may  occur  once  in  many 
years.  Therefore,  while  a  knowledge  of  the  average  annual 
rainfall  is  of  very  little  value,  a  record  of  the  maximum  rainfall 
during  heavy  storms  for  a  long  term  of  years  may  give  a  relative 
idea  of  the  maximum  demand  on  the  culvert. 

b.  Area  of  watershed.  This  signifies  the  total  area  of  country 
draining  into  the  channel  considered.  When  the  drainage  area 
is  very  small  it  is  sometimes  included  within  the  area  sur\'eyed 
by  the  preliminary  survey.  Wlien  larger  it  is  frequently  possi- 
ble to  obtain  its  area  from  other  maps  with  a  percentage  of 
accuracy  sufficient  for  the  purpose.  Sometimes  a  special  survey 
for  the  purpose  is  considered  justifiable. 

c.  Character  of  soil  and  vegetation.  This  has  a  large  in- 
fluence on  the  rapidity  with  which  the  rainflow  from  a  given 
area  will  reach  the  culvert.  If  the  soil  is  hard  and  impermeable 
and  the  vegetation  scant,  a  heavy  rain  will  run  off  suddenly, 
taxing  the  capacity  of  the  culvert  for  a  short  time,  while  a 
spongy  soil  and  dense  vegetation  will  retard  the  flow,  making  it 
more  nearly  uniform  and  the  maximum  flow  at  any  one  time 
much  less. 

d.  Shape  and  slope  of  watershed.  If  the  watershed  is  verj' 
long  and  narrow  (other  things  being  equal),  the  water  from  the 
remoter  parts  will  require  so  much  longer  time  to  reach  the 
culvert  that  the  flow  will  be  comparatively  uniform,  especially 
when  the  slope  of  the  whole  watershed  is  very  low.  When  the 
slope  of  the  remoter  portions  is  quite  steep  it  may  result  in  the 
nearly  simultaneous  arri\al  of  a  storm-flow  from  all  parts  of  the 
watershed,  thus  taxing  the  capacity  of  the  culvert. 

e.  Effect  of  design  of  culvert.  The  prmciples  of  h^drauL'cs 
show  that  the  slope  of  the  culvert,  its  length,  the  form  of  the 

crQs^-section^   the  nature  of  the  surface,  and  the  form  of  the 
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approach  and  discharge  all  have  a  considerable  influence  on  the 
area  of  cross-section  required  to  discharge  a  given  volunie  of 
water  in  a  given  time,  but  unfortunately  the  combined  hy- 
draulic effect  of  these  various  details  is  still  a  very  uncertain 
quantity. 

179.  Methods  of  computation  of  area.  There  are  three  pos- 
sible  methods  of  computation. 

(a)  Theoretical.  As  shown  above  it  is  a  practical  impossi- 
bility to  estimate  correctly  the  combined  eft'ect  of  the  great  nml- 
tiplicity  of  elements  which  influence  the  final  result.  The  nearest 
approach  to  it  is  to  estimate  by  the  use  of  empirical  formulae 
the  amount  of  water  which  will  be  presented  at  the  upper  end 
of  the  culvert  in  a  given  time  and  then  to  compute,  from  the 
principles  of  hydraulics,  the  rate  of  flow  through  a  culvert  of 
given  construction,  but  (as  shown  in  §  178,  e)  such  methods  are 
still  ver>'  unreliable,  owing  to  lack  of  experimental  knowledge. 
This  method  has  ap-pnrently  greater  scientific  accuracy  than 
other  methods,  but  a  little  study  will  show  that  the  elements 
of  uncertainty  are  as  great  and  the  final  result  no  more  reliable. 
The  method  is  most  reliable  for  streams  of  uniform  flow,  but 
it  is  under  these  conditions  that  method  (c)  is  most  usefid.  The 
theoretical  method  will  not  therefore  be  considered  further. 

(b)  Empirical.  As  illustrated  in  §  180,  some  formulje  make 
the  area  of  waterway  a  function  of  the  drainage  area,  the  for- 
mula benig  affected  by  a  coefficient  the  value  of  which  is  esti- 
mated between  limits  according  to  the  judgment  Assuming 
that  the  fornmla)  are  sound,  their  use  only  narrows  the  limits  of 
error,  the  final  determination  depending  on  experience  and 
judgment. 

(c)  From  observation.  This  method,  considered  by  far  the 
best  for  permanent  work,  consists  m  observing  the  high-water 
marks  on  contracted  channel-openings  which  are  on  the  same 
stream  and  as  near  as  possible  to  the  proposed  culvert.  If  the 
country  is  new  and  there  are  no  such  openings,  the  wisest  plan 
is  to  bridge  the  opening  by  a  temporary  structure  in  wood  which 
has  an  ample  waterway  (see  §  126,  6,  4)  and  carefully  observe 
all  high- water  marks  on  that  opening  during  the  6  to  10  years 
which  is  ordinarily  the  minimum  life  of  such  a  structure.  As 
shown  later,  such  observations  may  be  utilized  for  a  close  com- 
putation of  the  required  watenvay.  Method  (6)  may  b^  wX-^Wx^^ 
for  an  approximate  calculation  for  the  reouiTed  axea  lot  \}!aa\*€«x- 
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porary  structure,  using  a  value  which  is  intentionally  excessive, 
so  that  a  permanent  structure  of  sufficient  capacity  may  subse- 
quently be  constructed  within  the  temporary  structure. 

1 80.  Empirical  formulae.  Two  of  the  best  known  empirical 
formulae  for  area  of  the  waterway  are  the  following: 

(a)  Myer's  formula:  

Area  of  waterway  in  square  feet=CX\/drainage  area  in  acres, 
where  C  is  a  coefficient  varying  from  1  for  flat  country  to  4  for 
mountainous  country  and  rocky  ground.  As  an  illustration,  if 
the  drainage  area  is  100  acres,  the  waterway  area  should  be  from 
10  to  40  square  feet,  according  to  the  value  of  the  coefficient 
chosen.  It  should  be  noted  that  this  formula  does  not  regard 
the  great  variations  in  rainfall  in  various  parts  of  the  worid  nor 
the  design  of  the  culvert,  and  also  that  the  final  result  depends 
largely  on  the  choice  of  the  coefficient. 

(b)  Talbot's  formula: 

Area  of  waterway  in  square  feet  =  C X  \/(drainage  area  in  acnes)'. 
'*  For  steep  and  rocky  ground  C  varies  from  J  to  1.  For  rolling 
agricultural  country  subject  to  floods  at  times  of  melting  snow, 
and  with  the  length  of  the  valley  three  or  four  times  its  width,  C 
is  about  i;  and  if  the  stream  is  longer  in  proportion  to  the  area, 
decrease  C.  In  districts  not  affected  by  accumulated  snow,  and 
where  the  length  of  the  valley  is  several  times  the  ^^^dth,  J  or  f , 
or  even  less,  may  be  used.  C  should  be  increased  for  steep  side 
slopes,  especially  if  the  upper  part  of  the  valley  has  a  much 
greater  fall  than  the  channel  at  the  culvert."  *  As  an  illus- 
tration, if  the  drainage  area  is  100  acres  the  area  of  waterway 
should  be  CX31.6.  The  area  should  then  vary  from  5  to  31 
square  feet,  according  to  the  character  of  the  country.  Like 
the  previous  estimate,  the  result  depends  on  the  choice  of  a 
coefficient  and  disregards  local  variations  in  rainfall,  except  as 
they  may  be  arbitrarily  allowed  for  in  choosing  the  coeffi- 
cient. 

181.  Value  of  empirical  formulae.  The  fact  that  these  foi^ 
mulje,  as  well  as  many  others  of  similar  nature  that  have  been 
suggested,  depend  so  largely  upon  the  choice  of  the  coefficient 
shows  that  they  are  valuable  "  more  as  a  guide  to  the  judgment 
than  as  a  working  rule,"  as  Prof.  Talbot  explicitly  declares  in 


*Prof.  A.  N.  Talbot,  "Selected  Papers  of  the  Civil  Engineers'  Club  of 
the  Univ.  of  lUinoia.'* 
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commenting  on  his  own  formula.  In  short,  they  are  chiefly  valu- 
able in  indicating  a  probable  maximum  and  minimum  between 
which  the  true  result  probably  lies. 

182.  Results  based  on  Observation.  As  already  indicated  in 
§  179,  observation  of  the  stream  in  question  gives  the  most 
reliable  results.  If  the  country  is  new  and  no  records  of  the 
flow  of  the  stream  during  heaw  storms  has  been  taken,  even 
the  life  of  a  temporary  wooden  structure  may  not  be  long  enough 
to  include  one  of  the  unusually  severe  storms  which  must  be 
allowed  for,  but  there  will  usually  be  some  high-water  mark 
which  will  indicate  how  much  opening  will  be  required.  The 
following  quotation  illustrates  this:  "A  tidal  estuary  may  gen- 
erally be  safely  narrowed  considerably  from  the  extreme,  w^ter 
lines  if  stone  revetments  are  used  to  protect  the  bank  from 
wash.  Above  the  true  estuary,  where  the  stream  cuts  through 
the  marsh,  we  generally  find  nearly  vertical  banks,  and  we  are 
safe  if  the  faces  of  abutments  are  placed  even  with  the  banks. 
In  level  sections  of  the  country,  where  the  current  is  sluggish, 
it  is  usually  safe  to  encroach  somewhat  on  the  general  width 
of  the  stream,  but  in  rapid  streams  among  the  hills  the  width 
that  the  stream  has  cut  for  itself  through  the  soil  should  not  be 
lessened,  and  in  ravines  carrying  mountain  torrents  the  open- 
ings must  be  left  very  much  larger  than  the  ordinary  appear- 
ance of  the  banks  of  the  stream  would  seem  to  make  neces-  , 
sary."  * 

As  an  illustration  of  an  observation  of  a  storm-flow  through 
a  temporary  trestle,  the  following  is  quoted :  "  Having  the  flood 
height  and  velocity,  it  is  an  easy  matter  to  determine  the  vol- 
ume of  water  to  be  taken  care  of.  I  have  one  ten-bent  pile 
trestle  135  feet  long  and  24  feet  high  over  a  spring  branch  that 
ordinai:ily  runs  about  six  cubic  inches  per  second.  Last  sum- 
mer during  one  of  our  heavy  rainstorms  (four  inches  in  less 
than  three  hours)  I  visited  this  place  and  found  by  float  obser- 
vations the  surface  velocity  at  the  highest  stage  to  be  1.9  feet 
per  second.  I  made  a  high-water  mark,  and  after  the  flood- 
water  receded  found  the  width  of  stream  to  be  12  feet  and  an 
average  depth  of  2}  feet.  This,  with  a  surface  velocity  of  1.9 
feet  per  second,  would  give  approximately  a  discharge  of  50 

*  J.  P.  Snow,  Boaton  A  Maine  Railway.     Prom  l\epor\.  Vo  K«soc\a.Wow  v^V 
Railway  SuperiDtendents  of  Bridges  and  Buildings:     IS^l . 
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cubic  feet,  or  375  gallons,  per  second.  Having  this  information 
it  is  easy  to  determine  size  of  opening  required."  * 

183.  Degree  of  accuracy  required.  The  advantages  result- 
ing from  the  use  of  standard  designs  for  culverts  (as  well  as 
other  structures)  have  led  to  the  adoption  of  a  comparatively 
small  number  of  designs.  The  practical  use  made  of  a  compu- 
tation of  required  waterway  area  is  to  determine  which  one  of 
several  standard  designs  will  most  nearly  fulfill  the  require- 
ments. For  example,  if  a  24-inch  iron  pipe,  having  an  area  of 
3.14  square  feet,  is  considered  to  be  a  little  small,  the  next  size 
(30-inch)  would  be  adopted;  but  a  30-inch  pipe  has  an  area  of 
4.92  square  feet,  which  is  56%  larger.  A  similar  result,  except 
that  the  percentage  of  difference  might  not  be  quite  so  marked, 
will  be  found  by  comparing  the.  areas  of  consecutive  standard 
designs  for  stone  box  culverts. 

The  advisability  of  designing  a  culvert  to  withstand  any 
storm-flow  that  may  ever  occur  is  considered  doubtful.  Several 
years  ago  a  record-breaking  storm  in  New  England  carried 
away  a  very  large  number  of  bridges,  etc.,  hitherto  supposed 
to  be  safe.  It  was  not  afterward  considered  that  the  design  of 
those  bridges  was  faulty,  because  the  extra  cost  of  constructing 
bridges  capable  of  withstanding  such  a  flood,  added  to  interest 
for  a  long  period  of  years,  would  be  enormously  greater  than  the 
cost  of  repairing  the  damages  of  such  a  storm  once  or  twice  in 
a  century.  Of  course  the  element  of  danger  has  some  weight, 
but  not  enough  to  justify  a  great  additional  expenditure,  for 
common  prudence  would  prompt  unusual  precautions  during 
or  immediately  after  such  an  extraordinary  storm. 

PIPE    CULVERTS. 

'184.  Advantages.  Pipe  culverts,  made  of  cast  iron  or  earthen- 
ware, are  very  durable,  readily  constructed,  moderately  cheap, 
will  pass  a  larger  volume  of  water  in  proportion  to  the  area  than 
many  other  designs  on  account  of  the  smoothness  of  the  sur- 
face, and  (when  using  iron  pipe)  may  be  used  very  close  to 
the  track  when  a  low  opening  of  large  capacity  is  required. 
Another  advantage  lies  in  the  ease  with  which  thoy  may  be 
inserted   through  a   Fimewhat   larger   opening  that   has  been 


*  A.  J.  Kelley,  Kansas  City  Belt  Railwaj'.     From  Report  to  Association 
of  li&Uway  (Superintendents  of  Bridges  and  BvuXOaiiKa.    1897. 
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temporarily  lined  with  wood,  without  disturbing  the  roadbed 
or  track. 

185.  Construction.  Permanency  requires  that  the  founda^- 
tion  shall  be  firm  and  secure  against  being  washed  out.  To 
accomplish  this,  the  soil  of  the  trench  should  be  hollowed  out  to 
fit  the  lower  half  of  the  pipe,  making  suitable  recesses  for  the 
bells.  In  very  soft  treacherous  soil  a  foundation-block  of  con- 
crete is  sometimes  placed  under  each  joint,  or  even  throughout 
the  whole  length.  When  pipes  are  laid  through  a  slightly 
larger  timber  culvert  great  care  should  be  taken  that  the  pipes 
are  properly  supported,  so  that  there  will  be  no  settling  nor 
development  of  unusual  strains  when  the  timber  finally  decays 
and  gives  way.  To  prevent  the  washing  away  of  material 
around  the  pipe  the  ends  should  be  protected  by  a  bulkhead. 
This  is  best  constructed  of  masonry  (see  Fig.  97),  although  wood 
is  sometimes  used  for  cheap  and  minor  constructions.  The  joints 
should  be  calked,  especially  when  the  culvert  is  liable  to  run 
full  or  when  the  outflow  is  impeded  and  the  culvert  is  liable  to 
be  partly  or  wholly  filled  during  freezing  weather.  The  cost  of 
a  calking  of  clay  or  even  hydraulic  cement  is  insignificant  com- 
pared with  the  value  of  the  additional  safety  afforded.  When 
the  grade  of  the  pipe  is  perfectly  uniform,  a  very  low  rate  of 
grade  will  suffice  to  drain  a  pipe  culvert,  but  since  some  uneven- 
ness  of  grade  is  inevitable  through  uneven  settlement  or  im- 
perfect construction,  a  grade  of  1  in  20  should  preferably  be 
required,  although  much  less  is  often  used.  The  length  of  a 
pip>e  culvert  is  approximately  determined  as  follows: 

Length  =  2s  (depth  of  embankment  to  top  of  pipe)  +  (icidth  of  roadbed)^ 

in  which  s  is  the  slope  ratio  (horizontal  to  vertical)  of  the  banks. 
In  practice  an  even  number  of  lengths  will  be  used  which  will 
most  nearly  agree  with  this  formula. 

186.  Iron-pipe  culverts.  Simple  cast-iron  pipes  are  used  in 
sizes  from  12"  to  48"  diameter.  These  are  usually  made  in 
lengths  of  12  feet  with  a  few  lengths  of  6  feet,  so  that  any  required 
length  may  be  more  nearly  obtained.  The  lightest  pipes  made 
are  sufficiently  strong  for  the  purpose,  and  even  those  which 
would  lie  rejected  because  of  incapacity  to  withstand  pressure 
may  be  utilized  for  this  work.  In  P'ig.  97  are  shown  the  stand- 
ard plans  used  on  the  C.  C.  C.  &  St.  L.  Ry.,  which  may  be  cq\^ 
sidered  as  typical  plans. 
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Pipes  formed  of  cast-iron  s^ments  have  been  used  up  to  12 
feet  diameter.  The  shell  is  then  made  comparatively  thin,  but 
is  stiffened  by  ribs  and  flanges  on  the  outside.  The  segments 
break  joints  and  are  bolted  together  through  the  flanges.  The 
joints  are  made  tight  by  the  use  of  a  tarred  rope,  together  with 
neat  cement. 

187.  Tile-pipe  culverts.  The  pipes  used  for  this  purpose 
vary  from  12"  to  24"  in  diameter.  When  a  larger  capacity  is 
required  two  or  more  pipes  may  be  laid  side  bj'-  side,  but  in 
such  a  case  another  design  might  be  preferable.  It  is  frequently 
specified  that  "double-strength"  or  " extra-heavy '■  pipe  shall 
be  used,  evidently  with  the  idea  that  the  stresses  on  a  culvert- 
pipe  are  greater  than  on  a  sewer-pipe.  But- it  has  been  con- 
clusively demonstrated  that,  no  matter  how  deep  the  embank- 
ment, the  pressure  cannot  exceed  a  somewhat  unceitain  maxi- 
mum, also  that  the  greatest  danger  consists  in  placing  the  pipe 
so  near  the  ties  that  shocks  may  be  directly  transferred  to  the 
pipe  without  the  cushioning  effect  of  the  earth  and  ballast. 
When  the  pipes  are  well  bedded  in  clear  earth  and  there  is  a 


UP-STREAM. END.  DOWN-STREAM  ETSD.  DOWN-STREAM  EN.D.     THREE  PIPES. 

Fig.  98. — Standard  Vitrified-pipk  Culvkrt.     Plant  System.     (1891.) 

sufficient  depth  of  earth  over  them  to  avoid  direct  impact  (at 
least  three  feet)  the  ordinary  sewor-pipe  will  be  sufficiently 
strong.  ''Double-strength''  pipe  is  frequently  leas  \>ej:(viQ\.V^ 
burned,  and  the  supposed  extra  streT\^l\\  \^  wo\  \\\cT^S.v>rcvi  <^- 
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tained.  In  Fig.  98  are  shown  the  standard  plans  for  vitrified- 
pipe  culverts  as  used  on  the  "  Plant  system."  Tile  pipe  is  much 
cheaper  than  iron  pipe,  but  is  made  in  much  shorter  lengths  and 
requires  much  more  work  in  laying  and  especially  to  obtain  a 
uniform  grade. 

BOX    CULVERTS. 

1 88.  Wooden  box  culverts.  This  form  serves  the  purpose 
of  a  cheap  temporary  construction  which  allows  the  use  of  a 
ballasted  roadbed.  As  in  all  temporary  constructions,  the  area 
should  be  made  considerably  larger  than  the  calculated  area 
§§  179-182),  not  only  for  safety  but  also  in  order  that,  if  the 
smaller  area  is  demonstrated  to  be  sufficiently  large,  the  per- 
manent construction  (probably  pipe)  may  be  placed  inside  with- 
out disturbing  the  embankment.  All  designs  agfee  in  using 
heavy  timbers  (12"X12",  10"Xl2",  or  8"X12")  for  the  side 
walls,  cross-timber?  for  the  roof,  every  fifth  or  sixth  timber 
being  notched  down  so  as  to  take  up  the  thrust  of  the  side  walls, 
and  planks  for  the  flooring.  Fig.  99  shows  some  of  the  standard 
designs  as  us^d  by  the  C,  M.  &  St.  P.  Ry. 


NOTf  i-FOn  S  COVEFlINd,  £VERT  SIXTH  STICK  ^^  THICK. 


J? 


Fig.  99. — Standard  Timber  Box  Gut.vert.     0.,  M.  &  St.  P.  Rt, 
(Feb.  1889.) 

189.  Stone  box  culverts.  In  localities  where  a  good  quality 
of  stone  is  cheap,  stone  box  culverts  are  the  cheapest  form  of 
permanent  construction  for  culverts  of  medium  capacity,  but 
their  use  is  decreasing  owing  to  the  frequent  difficulty  in  obtain-^ 
ing  really  suitable  stone  within  a  reasonable  distance  of  the 
culvert.  The  clear  span  of  the  cover-stones  varies  from  2  to  4 
f^t.     The  required  thickness  of  the  cover-stones  13  goraQtiwes 
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calculated  by  the  theory  of  transverse  strains  on  the  basis  of 
certain  assumptions  of  .loading — as  a  function  of  the  height  of 
the  embankment  and  the  unit  strength  of  the  stone  used.  Such 
a  method  is  simply  another  illustration  of  a  class  of  calculations 
which  look  very  precise  and  beautiful,  but  which  are  worse  than 
useless  (because  misleading)  on  account  of  the  hopeless  uncer- 


PLAN 

Fig.  100.— Standard  Single  Stonf.  Culvert  (3'X4').     N.  &  W.  R.R. 

(1890.) 

tainty  as  to  the  true  value  of  certain  quantities  which  must  be 
used  in  the  computations      In  the  first  place  t\ve  \,tv\^  N^\i>fc  ^\ 
the  unit  tenale  strength  of  stone  is  such  an  uiveeT\.a:m  ax\^N^^\^^^^ 
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quantity  that  calculations  based  on  any  assumed  value  for  it  are 
of  small  reliability.  In  the  second  place  the  weight  of  the  prism 
of  earth  lying  directly  above  the  stone,  plus  an  allowance  for  live 
load,  is  by  no  means  a  measure  of  the  load  on  the  stone  nor  of 
the  forces  that  tend  to  fracture  it.     All  earthwork  will  tend  to 


PLAN 


Fia.  100a. — Standard  Double  Stonk  Culvekt  (3'X4'). 

(1890.) 


N.  &  W.  R.  R. 


form  an  arch  above  any  cavity  and  thus  relieve  an  uncertain 

and  prolmhly  variable  proportion  of  the  pressure  that  might 

otheimise  exist.     The  higher  the  embanUnvewt  the  leas  the  pro- 
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portionate  loading,  until  at  some  uncertain  height  an  increase 
in  height  will  not  increase  the  load  on  the  cover-stones.  The 
effect  of  frost  is  likewise  large,  but  uncertain  and  not  computable. 
The  usual  practice  is  therefore  to  make  the  thickness  such  as 
experience  has  shown  to  be  safe  with  a  good  quahty  of  stone, 
i.e.,  about  10  or  12  inches  for  2  feet  span  and  up  to  16  or  18 
inches  for  4  feet  span.  The  side  walls  should  be  carried  down 
deep  enough  to  prevent  their  being  undermined  by  scour  or 
heaved  by  frost.  The  use  of  cement  mortar  is  also  an  important 
feature  of  first-class  work,  especially  when  there  is  a  rapid  scour- 
ing current  or  a  hability  that  the  culvert  will  run  under  a  head. 
In  Figs.  100  and  100a  are  shown  standard  plans  for  single  and 
double[stone  box  culverts  as  used  on  the  Norf olk^and  Western  R  R. 
I  go.  Old-rail  culverts.  It  sometimes  happens  (although  very 
rarely)  that  it  is  necessary  to  bring  the  grade  line  within  3  or  4 
feet  of  the  bottom  of  a  stream  and  yet  allow  an  area  of  10  or  12 
square  feet.  A  single  large  pipe  of  sufficient  area  could  not  be 
used  in  this  case.  The  use  of  several  smaller  pipes  side  by  side 
would  be  both  expensive  and  inefficient.  For  similar  reasons 
neither  wooden  nor  stone  box  culverts  could  be  used.  In  such 
cases,  as  well  as  in  many  others  where  the  head-room  is  not  so 
limited,  the  plan  illustrated  in  Fig.  101  is  a  very  satisfactory 


Fio.  101.— Standard    Old-rail  Culvert.     N.  &  W.  R.R.     (1895.) 

solution  of  the  problem.  The  old  rails,  having  a  length  of  8  or 
9  feet,  are  laid  close  together  across  a  G-foot  o\>ew.v5\%.  ^cs«\^- 
times  the  rails  are  held  together  by  long,  V>o\\,s.  ^s^^^vcv^  *OKt«^^ 
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the  webs  of  the  rails.  In  the  plan  shown  the  rails  are  confined 
by  low  end  walls  on  each  abutment.  This  plan  requires  only  15 
inches  between  the  base  of  the  rail  and  the  top  of  the  culvert 
channel.     It  also  gives  a  continuous  ballasted  roadbed. 


ARCH    CULVERTS. 

iQi.  Influence  of  design  on  flow.  The  variations  in  the  design 
of  arch  culverts  have  a  very  marked  influence  on  the  cost  and 
efficiency.  To  combine  the  least  cost  with  the  greatest  effi- 
ciency, due  weight  should  be  given  to  the  following  elements: 
(a)  amount  of  masonry,  (b)  the  simplicity  of  the  constructive 
work,  (c)  the  design  of  the  wing  walls,  (d)  the  design  of  the 
junction  of  the  wing  walls  with  the  barrel  and  faces  of  the  arch, 
and  (e)  the  safety  and  permanency  of  the  construction.  These 
elements  are  more  or  less  antagonistic  to  each  othc^r,  and  the 
defects  of  most  designs  are  due  to  a  lack  of  proper  proportion 
in  the  design  of  these  opposing  interests.  The  simplest  con- 
struction (satisfying  elements  b  and  e)  is  the  straight  barrel  arch 
between  two  parallel  vertical  h(^ad  walls,  as  sketched  in  Fig. 
102,  a.  From  a  hydraulic  standpoint  the  design  is  poor,  as  the 
water  eddies  around  the  corners,  causing  a  great  resistance 
which  decreases  the  flow.     Fig.  102,  6,  shows  a  much  better  de- 


FiG.  102. — Types  of  Culverts. 


sign  in  many  respects,  but  much  depends  on  the  details  of  the 
design  as  indicated  in  elements  (b)  and  {(J).  As  a  general  thing 
a  good  hydraulic  design  requires  complicated  and  expensive 
masonry  construction,  i  e.,  elements  (6)  and  (r/)  are  opposed. 
Design  102,  c,  is  sometimes  inapplicable  because  the  water  is 
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stone  (sometimes  with  wood),  and  the  rails  are  supported  on 
heavy  timbers  laid  longitudinally  with  the  rails.  The  break  in 
the  continuity  of  the  roadbed  produces  a  disturbance  in  the 
elastic  wave  running  tlirough  the  rails,  the  effect  of  which  is 
noticeable  at  high  velocities.  The  greatest  objection,  however, 
lies  in  the  dangerous  consequences  of  a  derailment  or  a  failure 
of  the  timbers  owing  to  unobserved  decay  or  destruction  by 
fire — caused  perhaps  by  sparks  and  cinders  from  passing  loco- 
motives. The  very  insignificance  of  the  structure  often  leads 
to  careless  inspection.  But  if  a  single  pair  of  wheels  gets  off 
the  rails  and  drops  into  the  pit,  a  costly  wreck  is  inevitable. 
The  (once)  standard  design  for  such  a  structure  on  the  Penn- 
sylvania R.R.  is  shown  in  Fig.  103. 

(b)  Surface  cattle-guards.      These  are  fastened  on  top  of  the 
ties;   the  continuity  of  the  roadbed  is  absolutely  unbroken  and 
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Fig.  104. — Cattle-guard  with  Wooden  Slats. 


thus  is  avoided  much  of  the  danger  of  a  bad  wreck  owing  to  a 
possible  derailment.  The  device  consists  essentially  of  overlav- 
ing  the  ties  (both  inside;  and  outside^  the  rails)  with  a  surface  on 
which  cattle  will  not  walk.  The  nuiltitudinous  designs  for  such 
a  surface  are  variously  cfTective  in  this  respect.     An  objection, 
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which  is  often  urged  indiscriminately  against  aU  siTch  designs,  is 
♦the  liability  that  a  brake-chain  which  may  happen  to  be  drag- 
ging may  catch  in  the  rough  bars  which  are  used.  The  bars 
are  sometimes  "home-made,"  of  wood,  as  shown  in  Fig.  104. 
Iron  or  steel  bars  are  made  as  shown  in  Fig.  105.  The  general 
construction  is  the  same  as  for  the  wooden  bars.  The  metal 
bars  have  far  greater  durabliity,  and  it  is  claimed  that  they  are 
more  effective  in  discouraging  cattle  from  attempting  to  cross. 


Fig.  105. — Merriij.-Stkvens  Steel  Cattijb-gdard. 

194.  Cattle- passes.  Frequently  when  a  railroad  crosses  a 
farm  on  an  embankment,  cutting  the  farm  into  two  parts,  the 
railroad  company  is  obliged  to  agree  to  make  a  passageway 
through  the  embankment  sufficient  for  the  passage  of  cattle  and 
p(»rhaps  even  farm-wagons.  If  the  embankment  is  high  enough 
so  that  a  stone  arch  is  practicable,  the  initial  cost  is  the  only 
great  objection  to  such  a  construction;  but  if  an  open  wooden 
structure  is  necessary,  all  the  objections  against  the  old-fashioned 
cattle-guards  apply  with  equal  force  here.  The  avoidance  of  a 
grade  crossing  which  would  otherwise  be  necessary  is  one  of  the 
great  compensations  for  the  expense  of  the  construction  and 
maintenance  of  these  structures.  The  construction  is  some- 
times made  by  placing  two  pile  trestle  bents  about  6  to  8  feet 
apart,  supporting  the  rails  by  stringers  in  the  usual  way,  the 
special  feature  of  this  construction  being  that  the  embankments 
are  filled  in  behind  the  trestle  bents,  and  the  thrust  of  the  em- 
bankments is  mutually  taken  \ip  through  the  stringers,  which 
are  notched  at  the  ends  or  otherwise  constructed  so  that  they 
may  take  up  such  a  thrust.  The  designs  for  old-rail  culverts 
and  arch  culverts  are  also  utilized  for  cattle-passes  when  suitable 
and  convenient,  as  well  as  the  designs  illustrate^d  in  the  following 
section. 

195.  Standard  stringer  and  I-beam  bridges.      TKe  «A.dN?vXN!wa."si^^ 
of  standard  designs  apply  even  to  l\\e  eo\^T*u\^  ol  ^o^\>  's.^^v*^ 
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with  wooden  stringers  or  with  I  beams — especially  since  the 
methods  do  not  require  much  vertical  space  between  the  rails 
and  the  upper  side  of  the  clear  opening,  a  feature  which  is  often 
of  prime  importance.  These  designs  are  chiefly  used  for  cul- 
verts or  cattle-passes  and  for  crossing  over  highways — providing 
such  a  narrow  opening  would  be  tolerated.  The  plans  all  imply 
stone  abutments,  or  at  least  abutments  of  sufficient  stability  to 
withstand  all  thrust  of  the  embankments.  Some  of  the  designs 
are  illustrated  in  Plate  V.  The  preparation  of  these  standard 
designs  should  be  attacked  by  the  same  general  methods  as 
already  illustrated  in  §  150.  When  computing  the  required 
transverse  strength,  due  allowance  should  be  made  for  lateral 
bracing,  which  should  be  amply  provided  for.  Note  particu- 
larly the  methods  of  bracing  illustrated  in  Plate  V.  The  designs 
calling  for  iron  (or  steel)  stringers  ma}'  he  classed  as  permanent 
constructions,  which  are  cheap,  safe,  easily  inspected  and  main- 
tained, and  therefore  a  desirable  method  of  construction. 
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with  wooden  stringers  or  with  I  beams — especially  since  the 
methods  do  not  require  much  vertical  space  between  the  rails 
and  the  upper  side  of  the  clear  opening,  a  feature  which  is  often 
of  prime  importance.  These  designs  are  chiefly  used  for  cul- 
verts or  cattle-passes  and  for  crossing  over  highways — providing 
such  a  narrow  opening  would  be  tolerated.  The  plans  all  imply 
stone  abutments,  or  at  least  abutments  of  sufficient  stability  to 
withstand  all  thrust  of  the  embankments.  Some  of  the  designs 
are  illustrated  in  Plate  V.  The  preparation  of  these  standard 
designs  should  be  attacked  by  the  same  general  methods  as 
already  illustrated  in  §  150.  When  computing  the  required 
transverse  strength,  due  allowance  should  be  made  for  lateral 
bracing,  which  should  be  amply  provided  for.  Note  particu- 
larly the  methods  of  bracing  illustrated  in  Plate  V.  The  designs 
calling  for  iron  (or  steel)  stringers  may  be  classed  as  permanent 
constructions,  which  are  cheap,  safe,  easily  inspected  and  main- 
tained, and  therefore  a  desirable  method  of  construction. 
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CHAPTER  Vn. 
BALLAST. 

196.  Purpose  and  requirements.  "The  object  of  the  ballast 
is  to  transfer  the  applied  load  over  a  large  surface;  to  hold  the 
timber  work  in  place  horizontally;  to  carry  off  the  rain-water 
from  the  superstructure  and  to  prevent  freezing  up  in  winter; 
to  afford  means  of  keeping  the  ties  truly  up  to  the  grade  line; 
and  to  give  elasticity  to  the  roadbed."  This  extremely  con- 
densed statement  is  a  description  of  an  ideally  perfect  ballast. 
The  value  of  any  given  kind  of  ballast  is  proportional  to  the 
extent  to  which  it  fulfills  these  requirements.  The  ideally 
perfect  ballast  is  not  necessarily  the  most  economical  ballast 
for  all  roads.  Light  traffic  generally  justifies  something  cheaper, 
but  a  very  common  error  is  to  use  a  very  cheap  ballast  when  a 
small  additional  expenditure  would  procure  a  much  better 
ballast  which  would  be  much  more  economical  in  the  long  run. 

197.  Materials.  The  materials  most  commonly  employed  are 
gravel  and  broken  stone.  Burnt  clay,  cinders,  shells,  and  small 
coal  are  occasionally  used  as  ballast  when  they  are  especially 
cheap  and  convenient  or  when  better  kinds  are  especially  expen- 
sive. Although  it  is  hardly  correct  to  speak  of  the  natural  soil 
as  ballast,  yet  many  miles  of  cheap  railways  are  "ballasted" 
with  the  natural  soil,  which  is  then  called  "  mud  ballast." 

Mud  ballast.  When  the  natural  soil  is  gravelly  so  that  rain 
will  drain  through  it  quickly,  it  will  make  a  fair  roadbed  for 
light  traffic,  but  for  heavy  traffic,  and  for  the  greater  part  of 
the  length  of  most  roads,  the  natural  soil  is  a  verj^  poor  material 
for  ballast ;  for,  no  matter  how  suitable  the  soil  might  be  along 
limited  sections  of  the  road,  it  would  practically  never  happen 
that  the  soil  would  be  uniformly  good  throughout  the  whole 
length  of  the  road.  Considering  that  a  heavy  rain  will  in  one 
day  spoil  the  results  of  weeks  of  patient  "surfacing"  with  mud 
ballast,  it  is  seldom  economical  to  use  "mud"  if  there  ia  <^ 
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gravel -bed  or  other  source  of  ballast  anywhere  on  the  line  of 
the  road 

Cinders.  The  advantages  consist  in  the  excellent  facilities 
for  drainage,  ease  of  handling,  and  cheapness — after  the  road  is 
in  operation  One  disadvantage  is  excessive  dust  in  dry  weather 
Cinders  are  considered  preferable  to  gravel  in  yards. 

Slag.  When  slag  is  readily  obtainable  it  furnishes  an  ex- 
cellent ballast,  free  from  dust  and  perfect  in  drainage  qualities 
Some  kinds  of  slag  are  objectionable  on  account  of  their  delete- 
rious chemical  effect  on  the  ties  and  spikes — especially  on 
metallic  ties. 

Shells,  small  coal,  etc.  These  comparatively  inferior  kinds 
of  ballast  are  used  for  light  traffic  when  they  are  especially  cheap 
and  convenient.  They  are  extremely  dusty  in  dry  weather, 
break  up  into  very  fine  dust,  and  are  but  little  better  than 
mud. 

Gravel.  This  is  the  most  common  form  of  ballast  which  may 
be  called  good  ballast.  In  1885,  the  Roadmasters  Association 
of  America  voted  in  favor  of  gravel  ballast  as  against  rock  bal- 
last. Although  not  so  stated,  this  action  was  perhaps  due  to  a 
conviction  of  its  real  economy  for  the  average  railroad  of  this 
country,  which  may  be  called  a  ''light  traffic"  road.  Gravel 
should  preferably  be  screened  over  a  screen  having  a  i"  mesh, 
so  as  to  screen  out  all  dirt  and  the  finest  stones.  Generally  a 
railroad  will  be  able  to  find  at  some  point  along  its  line  a  **  gravel- 
pit"  affording  a  suitable  supply.  This  may  be  dug  out  with  a 
steam-shovel,  screened  if  necessary,  and  sent  out  over  the  line 
by  the  train-load  at  a  comparatively  small  cost. 

Rock  or  broken  stone.  Rock  ballast  is  generally  specified  to 
be  such  as  will  pass  through  a  IJ"  (or  2")  ring.  Although 
preferably  broken  by  hand,  machine-broken  stone  is  much 
cheaper.  It  is  most  easily  handled  with  forks.  This  also  has 
the  effect  of  screening  out  the  dirt  and  fine  chips  which  would 
interfere  with  effectual  drainage.  Rock  ballast  is  more  expen- 
sive in  first  cost,  and  also  more  troublesome  to  handle,  than  any 
other  kind,  but  under  heavy  traffic  will  keep  in  surface  better 
and  will  require  less  work  for  maintainance  after  the  ties  have 
become  thoroughly  bedded.  For  roads  with  very  light  traffic, 
running  few  trains,  at  comparatively  low  velocities,  the  advan- 
ta^s  of  rock  ballast  over  other  kinds  are  not  so  pronounced. 
J^or  such  roads  rock  ballast  is  an  expensive  luxury.    The  amount 
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of  traffic  which  will  justify  the  use  of  rock  ballast  will  depend 
on  the  cost  of  obtaining  balJiist  of  the  various  kinds. 

198.  Cross-seciions.  A  depth  of  12"  under  the  tie  is  gener 
ally  req\iired  on  the  best  roads,  but  for  light  traffic  this  is  some- 
times reduced  to  G"  and  even  less.  The  width  is  generally  1  to 
2  feet  less  than  the  width  of  the  roadbed  pioper — excluding 
ditches.  If  the  ballast  has  an  average  width  of  10  feet  (12  feet 
at  bottom  and  8  feet  at  top)  and  an  average  depth  of  15  inches 
(including  that  placed  between  the  ties),  it  will  lequire  2444 
cubic  yards  per  mile  of  track.  The  P  R.  R.  estimates  2500 
cubic  yards  of  gravel  and  2800  cubic  yards  of  stone  ballast  per 
mile  of  single  track.  On  account  of  the  lequirements  of  drain- 
age the  best  form  of  cioss-section  depends  on  the  kind  of  ballast 
used. 

Mud  ballast.  Since  the  great  objection  to  mud  ballast  lies  in 
its  liability  to  become  soft  by  soaking  up  the  rain  that  falls,  it 
becomes  necessary  that  it  should  be  drained  as  quickly  and 
readily  as  its  nature  will  permit      Fig.  106  shows  a  typical  cross- 


FiG.  106. — "Mud"  Ballast. 

section  for  mud  ballast  It  should  be  crowned  2"  above  the 
top  of  the  tie  at  the  center^  thence  sloped  so  as  to  leave  a  slight 
clearance  under  the  rail  between  the  tics,  thence  sloping  down 
to  the  bottom  of  the  tie  at  each  end  and  continuing  to  slope 
down  to  the  ditch  (in  cut),  which  should  be  18'  or  20'  below 
the  bottom  of  the  tie. 

Gravel,  cinders,  slag,  etc.     The  subgrade  is  crowned  6''  or 
8"  in  the  center,  as  shown  in  Fig.  107      The  ballast  is  crowned 


Fig.  107. — Grwel  Ballast. 

to  the  top  of  the  tie  in  the  center,  but  is  sloped  down  to  the 
bottom  of  the  tie  at  each  end     I'hls  ia  xvece^^wisr  vjjaA  xs.\qx^ 
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especially  so  with  mud  ballast)  to  prevent  a  possible  accumula- 
tion and  settlement  of  water  at  the  ends  of  the  tie,  which  would 
readily  soak  into  the  end  fibers  and  produce  decay. 

Broken  stone.  Stone  ballast  is  shouldered  out  beyond  the 
ends  of  the  ties  so  as  to  afford  greater  lateral  binding.  The 
space  between  the  ties  is  filled  up  level  with  the  tops.     The 


Fig.  108. — Broken  Sto?^p  Ballast. 

perfect  drainage  of  stone  ballast  permits  this  to  be  done  without 
any  danger  of  causing  decay  of  the  ties  by  the  accumulation 
and  retention  of  water. 

199.  Methods  of  laying  ballast.  The  cheapest  method  of 
laying  ballast  on  new  roads  is  to  lay  ties  and  rails  directly  on 
the  prepared  subgrade  and  run  a  construction  train  over  the 
track  to  distribute  the  ballast.  Then  the  track  is  lifted  up  until 
sufficient  ballast  is  worked  under  the  ties  and  the  track  is  prop- 
erly surfaced.  This  method,  although  cheap,  is  apt  to  injure 
the  rails  by  causing  bends  and  kinks,  due  to  the  passage  of 
loaded  construction  trains  when  the  ties  are  very  unevenly  and 
roughly  supported,  and  the  method  is  therefore  condemned  and 
prohibited  in  some  specifications  The  best  method  is  to  draw 
in  carts  (or  on  a  contractor's  temporary  track)  the  ballast  that  is 
required  under  the  level  of  the  bottom  of  the  ties.  Spread  this 
ballast  carefully  to  the  required  surface  Then  lay  the  ties  and 
rails,  which  \\  ill  then  have  a  very  fair  surface  and  uniform  sup- 
port. A  construction  train  can  then  be  run  on  the  rails  and 
distribute  sufficient  additional  ballast  to  pack  around  and 
be+weon  the  ties  and  make  the  required  cross-section 

The  necessity  for  constructing  some  lines  at  an  absolute  mini- 
mum of  cost  and  of  opening  them  for  traffic  as  soon  as  possible 
has  often  led  to  the  policy  of  starting  traffic  when  ther%is  little 
or  no  ballast — perhaps  nothing  more  than  a  mere  tamping  of 
the  natural  soil  under  the  ties.  When  this  is  done  ballast  may 
subsequently  be  drawn  where  required  by  the  train-load  on 
Bat  cars  and  unloaded  at  a  minimum  of  cost  by  means  of  a 
^'plough  '^    The  plough  has  the  same  mdth  as  the  cars  and  is 
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guided  either  by  a  ridge  along  the  center  of  each  car  or  by  shoit 
posts  set  up  at  the  sides  of  the  cars  It  is  dra\\Ti  from  one  end 
of  the  train  to  the  other  by  means  of  a  cable.  The  cable  is 
sometimes  operated  by  means  of  a  small  hoisting-engine  carried 
on  a  car  at  one  end  ot  the  train.  Sometimes  the  locomotive  is 
detached  temporarily  from  the  train  and  is  run  ahead  with  the 
cable  attached  to  it. 

200.  Cost.  The  cost  of  ballast  in  the  track  is  quite  a  variable 
item  for  different  roads,  since  it  depends  (a)  on  the  first  cost  of 
the  material  as  it  comes  to  the  road,  i]b)  on  the  distance  from 
the  soiurce  of  supply  to  the  place  where  it  is  used,  and  (c)  on 
the  method  of  handling.  The  first  cost  of  cinder  or  slag  is 
frequently  insignificant  A  gravel-pit  may  cost  nothing  except 
the  price  of  a  little  additional  land  beyond  the  usual  limits  of  the 
right  of  way.  Broken  stone  will  usually  cost  $1  or  more  per 
cubic  yard  If  suitable  stone  is  obtainable  on  the  company's 
land,  the  cost  of  bla:sting  and  breaking  should  be  somewhat  less 
than  this  The  cost  of  loading  the  ballast  on  to  trains  will  be 
small  (per  cubic  yard)  if  it  is  handled  with  steam- shovels — as  in 
the  case  of  gravel  taken  from  a  gravel-pit  Hand-shovelling 
will  cost  more.  The  cost  of  hauling  will  depend  on  the  distance 
hauled,  and  also^  to  a  considerable  extent,  on  the  limitations  on 
the  operation  of  the  train  due  to  the  necessity  of  keeping  out  of 
the  way  of  regular  trains  There  is  often  a  needless  waste  in 
this  way.  The  '*mud  train''  is  considered  a  pariah  and  entitled 
to  no  rights  whatever,  regardless  of  the  large  daily  cost  of  such 
a  train  and  of  the  necessary  gang  of  men.  The  cost  of  broken 
stone  ballast  in  the  track  is  estimated  at  $1  25  per  cubic  yard. 
The  cost  of  gravel  ballast  is  estimated  at  GOc.  per  cubic  yard 
in  the  track.  The  cost  of  placing  and  tamping  gravel  ballast  is 
estimated  at  20  c.  to  24  c.  per  cubic  yard,  for  cinders  12  c.  to 
15  c.  per  cubic  yard.  The  cost  of  loading  gravel  on  cars,  using 
a  steam-shovel,  is  estimated  at  6  c.  to  10  c.  per  cubic  yard.* 


*  Report  Koadma8ters  AsHociation.  1S85. 


CHAPTER  VIII. 

TIES. 
AND  OTHER  FORMS  OF  RAIL  SUPPORT. 

201.  Various  methods  of  supporting  rails.  It  is  necessary 
that  the  rails  shall  be  sufficiently  supported  and  braced,  so  that 
the  gau^e  shall  be  kept  constant  and  that  the  rails  shall  not  be 
subjected  to  excessive  transverse  stress.  It  is  also  preferable 
that  the  rail  support  shall  be  neither  rigid  (as  if  on  solid  rock) 
nor  too  yielding,  but  shall  have  a  uniform  elasticity  throughout. 
These  requirements  are  more  or  less  fulfilled  by  the  following 
methods. 

(a)  Longitudinals.  Supporting  the  rails  throughout  their 
entire  length.  This  .method  is  very  seldom  used  in  this  country 
except  occasionally  on  bridges  and  in  terminals  when  the 
longitudinals  are  supported  on  cross-ties.  In  §  224  will  be 
described  a  system  of  rails,  used  to  some  extent  in  Europe, 
having  such  broad  bases  that  they  are  self-supporting  on  the 
ballast  and  are  only  connected  by  tie-rods  to  maintain  the 
gauge. 

(b)  Cast-iron  "bowls"  or  "  pots."  These  are  castings  resem- 
bling large  inverted  bowls  or  pots,  having  suitable  chairs  on 
top  for  holding  and  supporting  the  rails,  and  tied  together  with 
tie-rods.     They  will  be  described  more  fully  later  (§  223). 

(c)  Cross-ties  of  metal  or  wood.  These  will  be  discussed  in 
the  following  sections. 

202.  Economics  of  ties.  The  true  cost  of  ties  depends  on  the 
relative  total  cost  of  maintenance  for  long  periods  of  time.  The 
first  cost  of  the  ties  delivered  to  the  road  is  but  one  item  in  the 
economics  of  the  question.  Cheap  ties  require  frequent  renew- 
als, which  cost  for  the  labor  of  each  renewal  practically  the 
same  whether  the  tie  is  of  oak  or  of  hemlock.  Cheap  ties  make 
a  poor  roadbed  which  will  require  more  track  labor  to  keep  even 
in  tolerable  condition.  The  roadbed  will  require  to  be  disturbed 
so  froqucnWy  on  account  of  renewals  that  the  ties  never  get  an 
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opportunity  to  get  settled  and  to  form  a  smooth  roadbed  for  any 
length  of  time.  Irregularity  in  width,  thickness,  or  length  of 
ties  is  especially  detrimental  in  causing  the  ballast  to  act  and 
wear  unevenly.  The  life  of  ties  has  thus  a  more  or  less  direct 
influence  on  the  life  of  the  rails,  on  the  wear  of  rolling  stock,  and 
on  the  speed  of  trains.  These  last  items  are  not  so  reaxlily 
reducible  to  dollars  and  cents,  but  when  it  can  be  shown  that 
the  total  cost,  for  a  long  period  of  time,  of  several  renewals  of 
cheap  ties,  with  all  the  extra  track  labor  involved,  is  as  great  as 
or  greater  than  that  of  a  few  renewals  of  durable  ties,  then  there 
is  no  question  as  to  the  real  economy.  In  the  following  dis- 
cussions of  the  merits  of  untreated  ties  (either  cheap  or  costly), 
chemically  treated  ties,  or  metal  ties,  the  true  question  is  there- 
fore of  the  ultimate  cost  of  maintaining  any  particular  kind  of 
ties  for  an  indefinite  period,  the  cost  including  the  first  cost  of 
the  ties,  the  labor  of  placing  them  and  maintaining  them  to 
surface,  and  the  somewhat  uncertain  (but  not  therefore  non- 
existent) effect  of  frequent  renewals  on  repairs  of  rolling  stock, 
on  possible  speed,  etc. 


WOODEN   TIES. 

203.  Choice  of  wood.  This  naturally  depends,  for  any  partic- 
ular section  of  country,  on  the  supply  of  wood  which  is  most 
readily  available.  The  woods  most  commonly  used,  especially 
in  this  country,  are  oak  and  pine,  oak  being  the  most  durable 
and  generally  the  most  expensive.  Redwood  is  used  very  ex- 
tensively in  California  and  proves  to  be  extremely  durable,  so 
far  as  decay  is  concerned,  but  it  is  very  soft  and  is  much  injured 
by  "  rail-cutting."  This  defect  is  being  partly  remedied  by  the 
use  of  tie-plates,  as  will  be  explained  later.  Cedar,  chestnut, 
hemlock,  and  tamarack  are  frequently  used  in  this  country.  In 
tropical  countries  very  durable  ties  are  frequently  obtained  from 
the  hard  woods  peculiar  to  those  countries.  According  to  a 
bulletin  of  the  U.  S.  .Department  of  Agriculture  issued  some 
years  ago,  the  proportions  of  the  various  kinds  used  in  the 
United  States  are  about  as  follows: 


Oak 00^ 

Pine 20 

Cedar 6 


Chestnut 5%  I  Cypress 2% 

Hemlock  and  Ta-  Various V 

niarack 3  \  T 

Redwood 'i  \       TotaY ^^v^1» 
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The  limitations  of  timber  supply  have  somewhat  dimin- 
ished the  use  of  oak  and  increased  the  use  of  the  softer  woods 
in  recent  years. 

204.  Durability.  The  durability  of  ties  depends  on  the  cli- 
mate; the  drainage  of  the  ballast;  the  volume,  weight,  and 
speed  of  the  traffic;  the  curvature,  if  any;  the  use  of  tie-plates; 
the  time  of  year  of  cutting  the  timber;  the  age  of  the  timber 
and  the  degree  of  its  seasoning  before  placing  in  the  track;  the 
nature  of  the  soil  in  which  the  timber  is  grown;  and,  chiefly, 
on  the  species  of  wood  employed.  The  variability  in  these 
items  will  account  for  the  discrepancies  in  the  reports  on  the  life 
of  various  woods  used  for  ties. 

White  oak  is  credited  with  a  life  of  5  to  12  years,  depending 
principally  on  the  traffic.  It  is  both  hard  and  durable,  the 
hardness  enabling  it  to  withstand  the  cutting  tendency  of  the 
rail-flanges,  and  the  durability  enabling  it  to  resist  decay.  Pine 
and  redwood  resist  decay  very  well,  but  are  so  soft  that  they  are 
badly  cut  by  the  rail-flanges  and  do  not  hold  the  spikes  very 
well,  necessitating  frequent  respiking.  Since  the  spikes  must 
be  driven  within  certain  very  limited  areas  on  the  face  of  each 
tie,  it  does  not  require  many  spike-holes  to  "spike-kill"  the 
tie.  On  sharp  curves,  especially  with  heavy  traffic,  the  wheel- 
flange  pressure  produces  a  side  pressure  on  the  rail  tending  to 
overturn  it,  which  tendency  is  resisted  by  the  spike,  aided  some- 
times by  rail-braces.  Whenever  the  pressure  becomes  too  great 
the  spike  will  yield  somewhat  and  will  be  slightly  withdrawn. 
The  resistance  is  then  somewhat  less  and  the  spike  is  soon  so 
loose  that  it  must  be  redriven  in  a  new  hole.  If  this  occurs 
very  often,  the  tie  may  need  to  be  replaced  long  before  any  decay 
has  set  in.  When  the  traffic  is  very  light,  the  wood  very  dura- 
ble, and  the  climate  favorable,  ties  have  been  known  to  last 
25  years. 

205.  Dimensions.  The  usual  dimensions  for  the  best  roads 
(standard  gauge)  are  8'  to  8'  6"  long,  6"  to  7"  thick,  and  8"  to 
10"  wide  on  top  and  bottom  (if  they  are  hewed)  or  8"  to  9" 
wide  if  they  are  sawed.  For  cheap  roads  and  light  traffic  the 
length  is  shortened  sometimes  to  7'  and  the  cross-section  also 
reduced.     On  the  other  hand  a  very  few  roads  use  ties  9'  long. 

Two  objections  are  urged  against  sawed  ties:    i'^t,  that  the 

^ajn  is  torn  by  the  saw,  leaving  a  woolly  surface  which  induces 

decay;  and  secondly,  that,  since  timber  is  not  perfectly  straight- 
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grained,  some  of  the  fibers  are  cut  obliquely,  exposing  their  ends, 
which  are  thus  liable  to  decay.  The  use  of  a  "  planer-saw"  ob- 
viates the  first  difficulty.  Chemical  treatment  of  ties  obviates 
both  of  these  difficulties.  Sawed  ties  are  more  convenient  to 
handle,  are  a  necessity  on  bridges  and  trestles,  and  it  is  even 
claimed,  although  against  commonly  received  opinion,  that 
actual  trial  has  demonstrated  that  they  are  more  durable  than 
hewed  ties. 

206.  Spacing.  The  spacing  is  usually  14  to  16  ties  to  a  30- 
foot  rail.  This  number  is  sometimes  reduced  to  12  and  even 
10,  and  on  the  other  hand  occasionally  increased  to  18  or  20  by 
employing  narrower  ties.  There  is  no  economy  in  reducing  the 
number  of  ties  very  much,  since  for  any  required  stiffness  of 
track  it  is  more  economical  to  increase  the  number  of  supports 
than  to  increase  the  weight  of  the  rail.  The  decreasing  cost  of 
rails  and  the  increasing  cost  of  ties  have  materially  changed  the 
relation  between  number  of  ties  and  weight  of  rail  to  produce  a 
given  stiffness  at  minimum  cost,  but  many  roads  have  found  it 
economical  to  employ  a  large  number  of  ties  rather  than  increase 
the  weight  of  the  rail.  On  the  other  hand  there  is  a  practical 
limit  to  the  number  that  may  be  employed,  on  account  of  the 
necessary  space  between  the  ties  that  is  required  for  proper 
tamping.  This  width  is  ordinarily  about  twice  the  width  of  the 
tie.  At  this  rate,  with  light  ties  Si"  wide  and  with  12"  clear 
space,  there  would  be  20  ties  per  30-foot  rail,  or  3520  per  mile. 
The  smaller  ties  can  generally  be  bought  much  cheaper  (propor- 
tionately) than  the  larger  sizes,  and  hence  the  economy. 

Trade  instructions  to  foremen  generally  require  that  the 
spacing  of  ties  shall  not  be  uniform  along  the  length  of  any 
rail.  Since  the  joint  is  generally  the  weakest  part  of  the  rail 
structure,  the  joint  requires  more  support,  than  the  center  of  the 
rail.  Therefore  the  ties  are  placed  with  but  8"  or  10"  clear 
space  between  them  at  the  joints,  this  applying  to  3  or  4  ties  at 
each  joint;  the  remaining  ties,  required  for  each  rail  length,  are 
equally  spaced  along  the  remaining  distance. 

207.  Specifications.  The  specifications  for  ties  are  apt  to 
include  the  items  of  size,  kind  of  wood,  and  method  of  construc- 
tion, besides  other  minor  directions  about  time  of  cutting,  sea- 
soning, delivery,  quality  of  timber,  etc. 

(a)  Size.  The  particular  size  or  sizes  required  will  be  socasr 
what  as  indicated  in  §  205. 
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(b)  Kind  of  wood.  When  the  kind  or  kinds  of  wood  are 
specified,  the  most  suitable  kinds  that  are  available  in  that 
section  of  country  are  usually  required. 

(c)  Method  of  construction.  It  is  generally  specified  that  the 
ties  shall  be  hewed  on  two  sides;  that  the  two  faces  thus  made 
shall  be  parallel  planes  and  that  the  bark  shall  be  removed.  It 
is  sometimes  required  that  the  ends  shall  be  sawed  off  square; 
that  the  timber  shall  be  cut  in  the  winter  (when  the  sap  is  down) ; 
and  that  the  ties  shall  be  seasoned  for  six  months  These  last 
specifications  are  not  required  or  lived  up  to  as  much  as  their 
importance  deserves.  It  is  sometimes  required  that  the  ties  shall 
be  delivered  on  the  right  of  way,  neatly  piled  in  rows,  the  alter- 
nate rows  at  right  angles,  piled  if  possible  on  ground  not  lower 
than  the  rails  and  at  least  seven  feet  away  from  them,  the  lower 
row  of  ties  resting  on  two  ties  which  are  themselves  supported 
so  as  to  be  clear  of  the  ground. 

(d)  Quality  of  timber.  The  usual  specifications  for  sound 
timber  are  required,  except  that  they  are  not  so  rigid  as  for  a 
better  class  of  timber  work  The  ties  must  be  sound,  reason- 
ably straight-grained,  and  not  very  crooked — one  test  being  that 
a  line  joining  the  center  of  one  end  with  the  center  of  the  middle 
shall  not  pass  outside  of  the  oth(*r  end.  Splits  or  shakes,  espe- 
cially if  severe,  should  cause  rejection. 

Specifications  sometimes  require  that  the  tics  shall  be  cut 

from  single  trees,  making 
what  is  known  as  "pole 
ties"  and  definitely  con- 
demning  those   which   are 

POLE  TIE.  SLAB  TIE.  QUARTER  TIfc.  ^ 

_      ,^^     ,,  _         cut    or    split    from    larger 

Fia.  109. — Methods  op  cuttinq  Ties.     ,        ,  :   .         ,  /,  f . 

trunks,    giving    two    "slab 

ties"  or  four  "  quarter  ties"  for  each  cross- sect  ion,  as  is  illustrated 
in  Kig.  109.  Even  if  polo  ties  are  better,  their  exclusive  use 
means  the  rapid  d(istruction  of  forests  of  young  trees. 

2o8.  Regulations  for  laying  and  renewing  ties.  The  regula- 
tions issued  by  railroad  companies  to  their  track  foremen  \\nll 
generally  include  tlie  following,  in  addition  to  directions  regard- 
ing diuicnsions,  spacing,  and  specifications  given  in  §§  204-207. 
When  hewn  ties  of  somewhat  variable  size  are  used,  as  is  fre- 
quently the  case,  the  largest  and  best  are  to  be  selected  for  use 
jis  joint  ties.  If  the  upper  surface  of  a  tie  is  found  to  be  warped 
(contrary  to  the  usual  specifications)  so  that  one  or  both  rails  do 
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not  get  a  full  bearing  across  the  whole  width  of  the  tie,  it  must 
be  adzed  to  a  true  surface  along  its  whole  length  and  not  mercis' 
notched  for  a  rail-seat.  When  respiking  is  necessary  and  spikes 
have  been  pulled  out,  the  holes  should  be  immediately  plugged 
with  "wooden  spikes,"  which  are  supplied  to  the  foreman  for 
that  express  purpose,  so  as  to  fill  up  the  holes  and  prevent  the 
decay  which  would  otherwise  take  place  when  the  hole  becomes 
filled  wdth  rain-water.  Tics  should  always  be  laid  at  right  angles 
to  the  rails  and  never  obliquely  Minute  regulations  to  prevent 
premature  rejection  and  renewal  of  ties  are  frequently  made.  It 
is  generally  required  that  the  requisitions  for  renewals  shall  be 
made  by  the  actual  count  of  the  individual  ties  to  be  renewed 
instead  of  by  any  wholesale  estimat(;s.  It  is  unwise  to  have  ties 
of  widely  variable  size,  hardness,  or  durability  adjacent  to  each 
other  in  the  track,  for  the  uniform  elasticity,  so  necessary  for 
smooth  riding,  will  be  unobtainable  under  those  circumstances. 

209.  Cost  of  ties.  When  railroads  can  obtain  ties  cut  by 
farmers  from  woodlands  in  the  immediate  neighborhood,  the 
price  will  frequently  be  as  low  as  20  c  for  the  smaller  sizes, 
running  up  to  60  c  for  the  larger  sizes  and  better  qualities,  espe- 
cially when  the  timber  is  not  very  plentiful  Sometimes  if  a 
railroad  cannot  procure  suitable  ties  from  its  immediate  neigh- 
borhood, it  will  find  that  adjacent  railroads  control  all  adjacent 
sources  of  supply  for  their  own  use  and  that  ties  can  only  be 
procured  from  a  considerable  distance,  with  a  considerable  added 
cost  for  transportation .  P'irst-class  oak  ties  cost  about  75  to  80  c. 
.'ind  frequently  much  more  Hemlock  ties  can  generally  be 
obtained  for  35  c.  or  less. 

PRESERVATIVE   PROCESSES   FOR   WOODEN  TIES. 

210.  General  principle.  Wood  has  a  fibrous  cellular  struc- 
ture, the  cells  being  filled  with  sap  or  air.  'J'he  woody  fiber  is 
but  Httle  subject  to  decay  unless  the  sap  undcigoes  fermentation. 
Preservative  processes  generally  aim  at  lemoving  as  much  of  the 
water  and  sap  as  possible  and  filling  up  the  pores  of  the  wood 
with  an  antiseptic  compound  1  he  most  common  methods  (ex- 
cept one)  all  agree  in  this  general  process  and  only  differ  in  the 
method  employed  to  get  rid  of  the  sap  and  in  the  antiseptic 
chemical  with  which  the  fibers  are  filled  One  \  aluable  ivi»fo^^ 
of  these  processes  lies  in  the  fact  thax  tVie  ^oI\.^t  Ocv^^^^x  ^n<3<^^ 
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(such  as  hemlock  and  pine)  are  more  readily  treated  than  are  the 
harder  woods  and  yet  will  produce  practically  as  good  a  tie  as  a 
treated  hard-wood  tie  and  a  very  much  better  tie  than  an  un- 
treated hard-wood  tie.  The  various  processes  will  be  briefly 
described,  taking  up  first  the  process  which  is  fundamentally 
different  from  the  others,  viz.,  vulcanizing. 

211.  Vulcanizing.  The  process  consists  in  heating  the  timber 
to  a  temperature  of  300°  to  500°  F.  in  a  cylinder,  the  air  being 
under  a  pressure  of  100  to  175  lbs.  per  square  inch.  By  this 
process  the  albumen  in  the  sap  is  coagulated,  the  water  evapo- 
rated, and  the  pores  are  partially  closed  by  the  coagulation  of 
the  albumen.  It  is  claimed  that  the  heat  sterilizes  the  wood  and 
produces  chemical  changes  in  the  wood  which  give  it  an  antisep- 
tic character.  It  has  been  very  extensively  used  on  the  elevated 
lines  of  New  York  City,  and  it  is  claimed  to  give  perfect  satis- 
faction.    The  treatment  has  cost  that  road  25  c.  per  tie. 

212.  Creosoting.  This  porcess  consists  in  impregnating  the 
wood  with  wood-creosote  or  with  dead  oil  of  coal-tar.  Wood- 
creosote  is  one  of  the  products  of  the  destructive  distillation  of 
wood — usually  long-leaf  pine.  Dead  oil  of  coal-tar  is  a  prod- 
uct of  the  distillation  of  coal-tar  at  a  temperature  between  480® 
and  760°  F.  It  would  require  about  35  to  50  pounds  of  creo- 
sote to  completely  fill  the  pores  of  a  cubic  foot  of  wood  But 
it  would  be  impossible  to  force  such  an  amount  into  the  wood, 
nor  is  it  necessary  or  desirable.  About  10  pounds  per  cubic 
foot,  or  about  35  pounds  per  tie,  is  all  that  is  necessary.  For 
piling  placed  in  salt  water  about  18  to  20  pounds  per  cubic  foot 
is  used,  and  the  timber  is  then  perfectly  protected  against  the 
ravages  of  the  teredo  navalis.  To  do  the  work,  long  cylinders, 
which  may  be  opened  at  the  ends,  are  necessary.  Usually  the 
timbers  are  run  in  and  out  on  iron  carriages  running  on  rails 
fastened  to  braces  on  the  inside  of  the  cylinder.  When  the  load 
has  been  run  in,  the  ends  of  the  cylinder  are  fastened  on.  The 
water  and  air  in  the  pores  of  the  wood  are  first  drawn  out  b}' 
subjecting  the  wood  alternately  to  steam-pressure  and  to  the 
action  of  a  vacuum-pump.  This  is  continued  for  several  hours. 
Then,  after  one  of  the  vacuum  periods,  the  cylinder  is  filled 
with  creosote  oil  at  a  temperature  of  about  1 70°  F  The  pumps 
are  kept  at  work  until  the  pressure  is  about  80  to  100  pounds 

per  square  inch,  and  is  maintained  at  this  pressure  from  one  to 
iwo  hours  according  to  the  size  oi  the  timber.    The  oil  is  then 
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withdrawn,  the  cylinders  opened,  the  train  pulled  out  and  an- 
other load  made  up  in  40  to  60  minutes.  The  average  time  re- 
quired for  treating  a  load  is  about  18  or  20  hours,  the  absorption 
about  10  or  H  pounds  of  oil  per  cubic  foot,  and  the  cost  (1894) 
from  $12.50  to  $14.50  per  thousand  feet  B.  M. 

213.  Bumettizing  (chloride-of-zinc  process).  This  process  is 
very  similar  to  the  creosoting  process  except  that  the  chemical  is 
chloride  of  zinc,  and  that  the  chemical  is  not  heated  before  use. 
The  preliminary  treatment  of  the  wood  to  alternate  vacuum  and 
pressure  is  not  continued  for  quite  so  long  a  period  as  in  the 
creosoting  process.  Care  must  be  taken,  in  using  this  process, 
that  the  ties  are  of  as  uniform  quality  as  possible,  for  seasoned 
ties  will  absorb  much  more  zinc  chloride  than  unseasoned  (in  the 
same  time),  and  the  product  will  lack  uniformity  unless  the  sea- 
soning is  uniform.  The  A.,  T.  &,  S.  F6  R.  R.  has  works  of  its 
own  at  which  ties  are  treated  by  this  process  at  a  cost  of  about 
25  c.  per  tie.  The  Southern  Pacific  R.  R.  also  has  works  for 
bumettizing  ties  at  a  cost  of  9.5  to  12  c  per  tic  The  zinc- 
chloride  solution  used  in  these  works  contains  only  1.7%  of  zinc 
chloride  instead  of  over  3%  as  used  in  the  Santa  F6  works,  which 
perhaps  accounts  partially  for  the  great  difference  in  cost  per  tie. 
One  great  objection  to  burnettized  tics  is  the  fact  that  the  chem- 
ical is  somewhat  easily  washed  out,  when  the  wood  again  be- 
comes subject  to  decay  Another  objection,  which  is  more 
forcible  with  respect  to  timber  subject  to  great  stresse^s^  as  in 
trestles,  than  to  ties,  is  the  fact  that  when  the  solution  of  zinc 
chloride  is  made  strong  (over  3%)  the  timber  is  made  very  brittle 
and  its  strength  is  reduced.  The  reduction  in  strength  has  been 
shown  by  tests  to  amount  to  J  to  ^^^  of  the  ultimate  strength, 
and  that  the  elastic  limit  has  been  reduced  by  about  4. 

214.  Kyanizing  (bichloride-of- mercury  or  corrosive-sublimate 
process).  This  is  a  process  of  "steeping  "  It  requires  a  much 
longer  time  than  the  previously  described  processes^  but  docs  not 
require  such  an  expensive  plant.  Wooden  tanks  of  sufficient 
size  for  the  timber  are  all  that  is  necessary.  The  corrosive  subli- 
mate is  first  made  into  a  concentrated  solution  of  one  part  of 
chemical  to  six  parts  of  hot  water  When  used  in  the  tanks  this 
solution  is  weakened  to  1  part  in  100  or  150  The  wood  will 
absorb  about  5  to  6.5  pounds  of  the  bichloride  per  100  cubic 
feet,  or  about  one  pound  for  each  4  to  G  ties.  The  timber  \a 
allowed  to  soak  in  the  tanks  for  seveiaV  dvxys,  Wv'ei  %<k\nsx^ 's>2^fe 
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being  about  one  day  for  each  inch  of  least  thickness  and  one  day 
over — which  means  seven  days  for  six-inch  ties,  or  thirteen  (to 
fifteen)  days  for  12"  timber  (least  dimension).  The  process  is 
somewhat  objectionable  on  account  of  the  chemical  being  such  a 
virulent  poison,  workmen  sometimes  being  sickened  by  the  fumes 
arising  from  the  tanks.  On  the  Baden  railway  (Germany) 
kyanized  ties  last  20  to  30  years.  On  this  railway  the  wood  is 
always  air-dried  for  two  weeks  after  impregnation  and  before 
being  used,  which  is  thought  to  have  an  important  effect  on  its 
durability.  The  solubility  of  the  chemical  and  the  liability  of 
the  chemical  washing  out  and  leaving  the  wood  unprotected  is 
an  element  of  weakness  in  the  method. 

215.  Wellhouse  (or  zinc- tannin)  process.  The  last  two 
methods  described  (as  well  as  some  others  employing  similar 
chemicals)  are  open  to  the  objection  that  since  the  wood  is  im- 
pregnated with  an  aqueous  solution,  it  is  liable  to  be  washed  out 
very  rapidly  if  the  wood  is  placed  under  water,  and  will  even 
disappear,  althougih  more  slowly,  under  the  action  of  moisture 
and  rain.  Several  processes  have  been  proposed  or  patented  to 
prevent  this.  Many  of  them  belong  to  one  class,  of  which  the 
Wellhouse  process  is  a  sample.  By  these  processes  the  timber 
is  successively  subjected  to  the  action  of  two  chemicals,  each 
individually  soluble  in  water,  and  hence  readily  impregnating 
the  timber,  but  the  chemicals  when  brought  in  contact  form  in- 
soluble compounds  which  cannot  be  washed  out  of  the  wood- 
cells.  By  the  Wellhouse  process,  the  wood  is  first  impregnated 
with  a  solution  of  chloride  of  zinc  and  glue,  and  is  then  subjected 
to  a  bath  of  tannin  under  pressure.  The  glue  and  tannin  com- 
bine to  form  an  insoluble  leathery  compound  in  the  cells,  which 
will  prevent  the  zinc  chloride  from  being  washed  out.  It  is 
being  used  by  the  A.,  T.  &.  S.  Fe  R.  R.,  their  works  being 
located  at  Las  Vegas,  New  Mexico,  and  also  by  the  Union 
Pacific  R.  R.  at  their  works  at  Laramie,  Wyo.  In  1897  Mr.  J. 
M.  Meade,  a  resident  engineer  on  the  A.,  T.  &  S.  F6,  exhibited 
to  the  Roadmasters  Association  of  America  a  piece  of  a  tie  treated 
by  this  process  which  had  been  taken  from  the  tracks  after 
nearly  13  years'  service.  The  tie  was  selected  at  random,  was 
taken  out  for  the  sole  purpose  of  having  a  specimen,  and  was 
still  in  sound  condition  and  capable  of  serving  many  years  longer. 
The  cost  of  the  treatment  was  then  quoted  as  13  c.  per  tie. 
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It  was  claimed  that  the  treatment  trebled  the  life  of  the  tie 
besides  adding  to  its  spike-holding  power. 

216.  Cost  of  treating.  The  cost  of  treating  ties  by  the  vari- 
ous methods  has  been  estimated  as  follows  * — assuming  that 
the  plant  was  of  sufficient  capacity  to  do  the  work  economi- 
cally: creosoting,  25  c.  per  tie;  vulcanizing,  25  c.  per  tie; 
burnettizing  (chloride  of  zinc),  8.25  c.  per  tie;  kyanizing  (steep- 
ing in  corrosive  sublimate),  14.6  c.  per  tie;  Wellhouse  process  . 
(chloride  of  zinc  and  tannin),  11.25  c.  per  tie.  These  estimates 
are  only  for  the  net  cost  at  the  works  and  do  not  include  the 
cost  of  hauling  the  ties  to  and  from  the  works,  which  may  mean 
5  to  10  c.  per  tie.  Some  of  these  processes  have  been  installed 
on  cars  which  are  transported  over  the  road  and  operated  where 
most  convenient. 

217.  Economics  of  treated  ties.  The  fact  that  treated  ties  are 
not  universally  adopted  is  due  to  the  argument  that  the  added 
life  of  the  tie  is  not  worth  the  extra  cost.  If  ties  can  be  bought 
for  25  c,  and  cost  25  c.  for  treatment,  and  the  treatment  only 
doubles  their  life,  there  is  apparently  but  little  gained  except 
the  work  of  placing  the  extra  tie  in  the  track,  which  is  more 
or  less  offset  by  the  interest  on  25  c.  for  the  life  cf  the  untreated 
tie,  and  the  larger  initial  outlay  makes  a  stronger  impression  on 
the  mind  than  the  computed  ultimate  economy.  But  when 
ties  cost  75  c.  and  treatment  costs  only  25  c,  or  perhaps  less, 
then  the  economy  is  more  apparent  and  unquestionable.  But 
this  analysis  may  be  made  more  closely.  As  shown  in  §  202, 
the  disturbance  of  the  roadbed  on  account  of  frequent  renewals 
of  untreated  tics  is  a  disadvantage  which  would  justify  an  appre- 
ciable expenditure  to  avoid,  although  it  is  very  difficult  to 
closely  estimate  its  true  value.  The  annual  cost  of  a  system  of 
ties  may  be  considered  as  the  sum  of  (a)  the  interest  on  t  he  first 
cost,  (6)  the  annual  sinking  fund  that  would  buy  a  new  tie  at 
the  end  of  its  life,  and  (c)  the  average  annual  cost  of  mainte- 
nance for  the  life  of  the  tie,  which  includes  the  cost  of  layinj]^  and 
the  considerable  amount  of  subsequent  tamping  that  must  he 
done  until  the  tie  is  fairly  settled  in  the  roadbed,  besides  the 
regular  trackwork  on  the  tie,  which  is  practically  constant.  This 
last  item  is  difficult  to  compute,  but  it  is  easy  to  see  that,  since 

♦  Bull.  No.  9,  U.  S.  Dept.  of  Agric,  Div.  of  Forestry.     k\>v.'^^.'^>^^ 
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the  cost  of  laying  the  tie  and  the  subsequent  tamping  to  obtain 
proper  settlement  is  the  same  for  all  ties  (of  similar  form),  the 
average  annual  charge  on  the  longer-lived  tie  would  be  much  less. 
In  the  following  comparison  item  (c)  is  disregarded,  simply  re- 
membering that  the  advantage  is  with  the  longer-lived  tie. 


Untreated  tie. 

Original  cost 40  cents 

Life  (assumed  at) 7  years 


Item  (a) — interest  on  first  cost  @  4jC 1.6  cents 

lb) — sinking  fund  (^  A% 5.1 

"       (c) — (considered  here  as  balanced) 

Average  annual  cost  (except  item  (c)) 6.7  cents 


Treated  tie, 
65  cents 
14  years 


2.6  cents 
3.6      " 


6 . 2  cents 


On  this  basis  treated  ties  will  cost  0.5  cent  less  per  annum 
besides  the  advantage  of  item  (c)  and  the  still  more  indefinite 
advantages  resulting  from  smoother  running  of  trains,  less  wear 
and  tear  on  rolling  stock,  etc.,  due  to  less  disturbance  of  the 
roadbed. 

In  Europe,  where  wood  is  expensive,  untreated  ties  are 
seldom  used,  as  the  treatment  is  always  considered  to  be  worth 
more  than  it  costs.  The  rapid  destruction  of  the  forests  of  tim- 
ber in  this  country  is  having  the  effect  of  increasing  the  price,  so 
that  it  will  not  be  long  before  treated  ties  (or  metal  ties)  will  be 
economical  for  a  large  majority  of  the  railroads  of  the  country. 

(Note  added  in  1902.)  Some  modifications  of  the  above 
processes  have  been  devised  in  recent  years,  among  them 
being  the 

Creo-resinate  process — creosote,  resin,  and  formaldehyde; 
Water-creosote      "    — emulsion  of  creosote  and  water; 
Zinc-creosote         "    — emulsion  of  creosote  and  zinc -chloride; 
Allardyce  "    — injection  of  chloride  of  zinc  followed  by  creosote;  ' 

Hasselmann  "    — boiling  in  sulphates  of  iron,  copper,  etc. 

The  Atchison,  Topeka  and  Santa  F^  R.  R.  has  compiled  a 
record  of  treated  pine  ties  removed  in  1897,  '98,  '99,  and  1900, 
showing  that  the  average  life  of  the  ties  removed  had  been  about 
11  years.  On  the  Chicago,  Rock  Island  and  Pacific  R.  R.,  the 
average  life  of  a  Aery  large  number  of  treated  hemlock  add 
tamarack  ties  was  found  to  be  10.57  years.  Of  one  lot  of  21850 
lies,  12%  still  remained  in  the  track  after  15  years'  exj>osure. 
It  has  been  demonstrated  that  much  depends  ou  the  xnin^ 
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details  of  the  process — whatever  it  may  be.  As  an  illustra- 
tion, an  examination  of  a  batch  of  ties,  treated  by  the  zinc- 
creosote  process,  showed  84%  in  service  after  13  years'  ex- 
posure; another  batch,  treated  by  another  contractor  by  the 
same  process  (nominally),  showed  50%  worthless  after  a  service 
of  six  years. 

METAL   TIES. 

2 1 8.  Extent  of  use.  In  1894  *  there  were  nearly  35000  miles 
of  "metal  track"  in  various  parts  of  the  world.  Of  this  total, 
there  were  3645  miles  of  "longitudinals"  (see  §  224),  found  ex- 
clusively in  Europe,  nearly  all  of  it  being  in  Germany.  There 
were  over  12000  miles  of  "bowls  and  plates"  (see  §  223),  found 
almost  entirely  in  British  India  and  in  the  Argentine  Republic. 
The  remainder,  over  18000  miles,  was  laid  with  metal  cross-ties 
of  various  designs.  There  were  over  8000  miles  of  metal  cross- 
ties  in  Germany  alone,  about  1500  miles  in  the  rest  of  Europe, 
over  6000  miles  in  British  India,  nearly  1000  miles  in  the  rest 
of  Asia,  and  about  1500  miles  more  in  various  other  parts  of  the 
world.  Several  railroads  in  this  country  have  tried  various  de- 
signs of  these  ties,  but  their  use  has  never  passed  the  experi- 
mental stage.  These  35000  miles  represent  about  9%  of  the 
total  railroad  mileage  of  the  world — nearly  400000  miles.  They 
represent  about  17.6%  of  the  total  railroad  mileage,  exclusive  of 
the  United  States  and  Canada,  where  they  are  not  used  at  all, 
except  experimentally.  In  the  four  years  from  1890  to  1894  the 
use  of  metal  track  increased  from  less  than  25000  miles  to  nearly 
35000  miles.  This  increase  was  practically  equal  to  the  total  in- 
crease in  railroad  mileage  during  that  time,  exclusive  of  the 
increase  in  the  United  States  and  Canada.  This  indicates  a 
large  growth  in  the  percentage  of  metal  track  to  total  mileage, 
and  therefore  an  increased  appreciation  of  the  advantages  to  be 
derived  from  their  use. 

219.  Durability.  The  durability  of  metal  ties  is  still  far 
from  being  a  settled  question,  due  largely  to  the  fact  that  the 
best  form  for  such  ties  is  not  yet  determined,  and  that  a  large 
part  of  the  apparent  failures  in  metal  ties  have  been  evidently 
due  to  defective  design.  Those  in  favor  of  them  estimate  the 
life  as  from  30  to  50  years.     The  opponents  place  it  at  not  more 
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than  20  years,,  or  perhaps  as  long  as  the  best  of  wooden  ties. 
Unlike  the  wooden  tie,  however,  which  deteriorates  as  much 
with  time  as  with  usage,  the  life  of  a  metal  tie  is  more  largely  a 
function  of  the  traffic.  The  life  of  a  well-designed  metal  tie  has 
been  estimated  at  150000  to  200000  trains;  for  20  trains  per 
day,  or  say  6000  per  year,  this  would  mean  from  25  to  33  years. 
20  trains  per  day  on  a  single  track  is  a  much  larger  number  than 
will  be  found  on  the  majority  of  railroads.  Metal  ties  are  found 
to  be  subject  to  rust,  especially  when  in  damp  localities,  such  as 
tunnels;  but  on  the  other  hand  it  is  in  such  confined  localities, 
where  renewals  are  troublesome,  that  it  is  especially  desirable  to 
employ  the  best  and  longest-lived  ties.  Paint,  tar,  etc.,  have 
been  tried  as  a  protection  against  rust,  but  the  efficacy  of  such 
protection  is  as  yet  uncertain,  the  conditions  preventing  any  re- 
newal of  the  protection — such  as  may  be  done  by  repainting  a 
bridge,  for  example.  Failures  in  metal  cross-ties  have  been 
largely  due  to  cracks  which  begin  at  a  comer  of  one  of  the  square 
holes  which  are  generally  'punched  through  the  tie,  the  holes 
being  made  for  the  bolts  by  which  the  rails  are  fastened  to  the 
tie.  The  holes  are  generally  punched  because  it  is  cheaper. 
Reaming  the  holes  after  punching  is  thought  to  be  a  safeguard 
against  this  frequent  cause  of  failure.  Another  method  is  to 
round  the  corners  of  the  square  punch  with  a  radius  of  about 
J".  If  a  crack  has  already  started,  the  spread  of  the  crack  may 
be  prevented  by  drilling  a  small  hole  at  the  end  of  it. 

220.  Form  and  dimensions  of  metal  cross- ties.  Since  stability 
in  the  ballast  is  an  essential  quality  for  a  tie,  this  must  be  accom- 
plished either  by  turning  down  the  end  of  the  tie  or  by  having 
some  fonn  of  lug  extending  downward  from  one  or  more  points 
of  the  tie.  The  tics  are  sometimes  depressed  in  the  center  (see 
Plate  VI,  N.  Y.  C.  &  H.  R.  R.  R.  tie)  to  allow  for  a  thick  cover- 
ing of  ballast  on  top  in  order  to  increase  its  stability  in  the 
ballast.  This  form  requires  that  the  ties  should  be  sufficiently 
well  tamped  to  prevent  a  tendency  to  bend  out  straight,  thus 
widening  the  gauge.  Many  designs  of  ties  are  objectionable 
because  they  cannot  be  placed  in  the  track  without  disturbing 
adjacent  ties.  The  failure  of  many  metal  cross-ties,  otherwise 
of  good  design,  may  be  ascribed  to  too  light  weight.  Those 
weighing  much  less  than   100  pounds  have  proved  too  light. 

From  100  to  130  pounds  weight  is  being  used  satisfactorily  on  . 

German  railroads.     The  generiiV  ouVsvde  dvmenaions  are  about 
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than  20  years,,  or  perhaps  as  long  as  the  best  of  wooden  ties. 
Unlike  the  wooden  tie,  however,  which  deteriorates  as  much 
with  time  as  with  usage,  the  life  of  a  metal  tie  is  more  largely  a 
function  of  the  traffic.  The  life  of  a  well-designed  metal  tie  has 
been  estimated  at  150000  to  200000  trains;  for  20  trains  per 
day,  or  say  6000  per  year,  this  would  mean  from  25  to  33  years. 
20  trains  per  day  on  a  single  track  is  a  much  larger  number  than 
will  be  found  on  the  majority  of  railroads.  Metal  ties  are  found 
to  be  subject  to  rust,  especially  when  in  damp  localities,  such  as 
tunnels;  but  on  the  other  hand  it  is  in  such  confined  localities, 
where  renewals  are  troublesome,  that  it  is  especially  desirable  to 
employ  the  best  and  longest-lived  ties.  Paint,  tar,  etc.,  have 
been  tried  as  a  protection  against  rust,  but  the  efficacy  of  such 
protection  is  as  yet  uncertain,  the  conditions  preventing  any  re- 
newal of  the  protection — such  as  may  be  done  by  repainting  a 
bridge,  for  example.  Failures  in  metal  cross-ties  have  been 
largely  due  to  cracks  which  begin  at  a  comer  of  one  of  the  square 
holes  which  are  generally  punched  through  the  tie,  the  holes 
being  made  for  the  bolts  by  which  the  rails  are  fastened  to  the 
tie.  The  holes  are  generally  'punched  because  it  is  cheaper. 
Reaming  the  holes  after  punching  is  thought  to  be  a  safeguard 
against  this  frequent  cause  of  failure.  Another  method  is  to 
round  the  corners  of  the  square  punch  with  a  radius  of  about 
J".  If  a  crack  has  already  started,  the  spread  of  the  crack  may 
be  prevented  by  drilling  a  small  hole  at  the  end  of  it. 

220.  Form  and  dimensions  of  metal  cross- ties.  Since  stability 
in  the  ballast  is  an  essential  quality  for  a  tie,  this  must  be  accom- 
plished either  by  turning  down  the  end  of  the  tie  or  by  having 
some  fonn  of  lug  extending  downward  from  one  or  more  points 
of  the  tie.  The  ties  are  sometimes  depressed  in  the  center  (see 
Plate  VI,  N.  Y.  C.  &  H.  R.  R.  R.  tie)  to  allow  for  a  thick  cover- 
ing of  ballast  on  top  in  order  to  increase  its  stability  in  the 
ballast.  This  form  requires  that  the  ties  should  be  sufficiently 
well  tamped  to  prevent  a  tendency  to  bend  out  straight,  thus 
widening  the  gauge.  Many  designs  of  ties  are  objectionable 
because  they  cannot  be  placed  in  the  track  without  disturbing 
adjacent  ties.  The  failure  of  many  metal  cross-ties,  otherwise 
of  good  design,  may  be  ascribed  to  too  light  weight.  Those 
weighing  much  less  than  100  pounds  have  proved  too  light. 
From  100  to  130  pounds  weight  is  being  used  satisfactorily  oa  -j 
German  rnilroiids.     The  general  oulsvdc  d\m^\i^\oiia  are  about    j 
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the  same  as  for  wooden  ties,  except  as  to  thickness.  The  metal 
is  generally  from  J"  to  f "  thick.  They  are,  of  course,  only  made 
of  wrought  iron  or  steel,  cast  iron  being  used  only  for  "bowls"  or 
"  plates"  (see  §  223).  The  details  of  construction  of  some  of  the 
most  commonly  used  ties  may  be  seen  by  a  study  of  Plate  VI. 

221.  Fastenings.  The  devices  for  fastening  the  rails  to  the 
tics  should  be  such  that  the  ga-uge  may  be  widened  if  desired  on 
curves,  also  that  the  gauge  can  be  made  true  regardless  of  slight 
inaccuracies  in  the  manufacture  of  the  ties,  and  also  that  shims 
may  be  placed  under  the  rail  if  necessary  during  cold  weather 
when  the  tie  is  frozen  into  the  ballast  and  cannot  be  easily 
disturbed.  Some  methods  of  fastening  require  that  the  base  of 
the  rail  be  placed  against  a  lug  which  is  riveted  to  the  tie  or 
which  forms  a  part  of  it.  This  has  the  advantage  of  reducing 
the  number  of  pieces,  but  is  apt  to  have  one  or  more  of  the 
disadvantages  named  above.  Metal  keys  or  wooden  wedges  are 
sometimes  used,  but  the  majority  of  designs  employ  some  form 
of  bolted  clamp.  The  form  adopted  for  the  experimental  ties 
used  by  the  N.  Y.  C.  &  H.  R.  R.  R.  (see  Plate  VI)  is  especially 
ingenious  in  the  method  used  to  vary  the  gauge  or  allow  for 
inaccuracies  of  manufacture.  Plate  VI  shows  some  of  the 
methods  of  fastening  adopted  on  the  principal  types  of  ties. 

222.  Cost.  The  cost  of  metal  cross- ties  in  Germany  averages 
about  1.6  c.  per  pound  or  about  $1.60  for  a  100-lb.  tie.  The  ties 
manufactured  for  the  N.  Y.  C.  &  H.  R.  R.  R.  in  1892  weighed 
about  100  lbs.  and  cost  $2.50  per  tie,  but  if  they  had  been  made 
in  larger  quantities  and  ^vith  the  present  price  of  steel  the  cost 
would  possibly  have  been  much  lower.  The  item  of  freight 
from  the  place  of  manufacture  to  the  place  where  used  is  no 
inconsiderable  item  of  cost  with  some  roads.  Metal  cross-tics 
have  been  used  by  some  street  railroads  in  this  country.  Those 
used  on  the  Terre  Haute  Street  Railway  weigh  60  pounds  and 
cost  about  66  c.  for  the  tie,  or  74  c.  per  tie  with  the  fastenings. 


223.  Bowls  or  plates.  As  mentioned  before,  over  12000  miles 
of  railway,  chiefly  in  British  India  and  in  the  Argentine  Repub- 
lic, are  laid  with  this  form  of  track.  It  consists  essentially  of 
large  cast-iron  inverted  "bowls"  laid  at  intervals  under  each 
rail  and  opposite  each  other,  the  opposite  bowls  being  tied 
together  with  tie-rods.  A  auitaljle  chair  \??,  Vvvv^V^^  ox  V»<Ss^^^  '^^ 
to  the  top  0/  each  bowl  so  as  to  properVy  \\vAOl  V\\^  xvi;\.    ^viN!cs% 


234  RAILROAD   CONSTRUCTION.  §  224. 

made  of  cast  iron,  they  are  not  so  subject  to  corrosion  as  steel 
or  wrought  iron.  They  have  the  advantage  that  when  old  and 
worn  out  their  scrap  value  is  from  60%  to  80%  of  their  initial 
cost,  while  the  scrap  value  of  a  steel  or  wrought-iron  tie  is  prac- 
tically nothing.  Failure  generally  occurs  from  breakage,  the 
failures  from  this  cause  in  India  being  about  0.4%  psr  annum. 
They  weigh  about  250  lbs.  apiece  and  are  therefore  quite  expen- 
sive in  first  cost  and  transportation  charges.  There  are  miles 
of  them  in  India  which  have  already  lasted  25  years  and  are 
still  in  a  serviceable  condition.  Some  illustrations  of  this  form 
of  tie  are  shown  in  Plate  VI. 

224.  Longitudinals.*     This  form,  the  use  of  which  is  con- 
fined almost  exclusively  to  Germany,  is  being  gradually  replaced 
on  many  lines  by  metal  cross-ties.     The  system  generally  con- 
sists of  a  compound  rail  of  several  parts,  the  upper  bearing  rail 
being  very  light  and  supported  throughout  its  length  by  other 
rails,  which  are  suitably  tied  together  with  tie-rods  so  as  to 
maintain  the  proper  gauge,  and  which  have  a  sufficiently  broad 
base  to  be  properly  supported  in  the  ballast.     One  great  objec- 
tion to  this  method  of  construction  is  the 
difficulty  of  obtaining  proper  drainage  espe- 
cially on  grades,  the  drainage  having  a  ten- 
dency to  follow  along  the  lines  of  the  rails. 
222^     The  construction  is  much  more  complicated 
on  sharp  curves  and  at  frogs  and  switches. 
Another    fundamentally    different    form    of 
longitudinal    is   the    Haarman    compound    "self-bearing"    rail, 
having  a  base  12"  wide  and  a  height  of  8",  the  alternate  sections 
breaking  joints  so  as  to  form  a  practically  continuous  rail. 

Some  of  the  other  forms  of  longitudinals  are  illustrated  in 
Plate  VI. 

For  a  very  complete  discussion  of  the  subject  of  metal  ties, 
see  the  "Report  on  the  Substitution  of  Metal  for  Wood  in 
Ilailroad  Tics"  by  E.  E.  Russell  Tratman,  it  being  Bulletin 
No.  4,  Forestry  Division  of  the  U.  S.  Dept.  of  Agriculture. 


*  Although  the  discussion  of  longitudinals  might  be  considered   to  be 

long  more  pro|)cr\y  to  the  subject  of  IlATLs.yet  the  essential  idea  of  all  de- 

signs  must  necessarily  be  the  support  of  a  rail-head  on  which  the  rolling 

stock  may  run,  and  therefore  this  form,  unused  in  this  country,  will  be 

briefly  described  here. 


CHAPTER  IX. 

RAILS. 

225.  Early  forms.  The  first  rails  ever  laid  were  wooden 
stringers  which  were  used  on  very  short  tram-roads  around  coal- 
mines. As  the  necessity  for  a  more  durable  rail  increased, 
owing  chiefly  to  the  invention  of  the  locomotive  as  a  motive 
power,  there  were  invented  successively  the  ca^t-iron  "fish- 
belly"  rail  and  various  forms  of  wrought-iron  strap  rails  which 
finally  developed  into  the  T  rail  used  in  this  country  and  the 
double-headed  rail,  supported  by  chairs,  used  so  extensively  in 
England.  The  cast-iron  rails  were  cast  in  lengths  of  about  3 
feet  and  were  supported  in  iron  chairs  which  were  sometimes 
set  upon  stone  piers.  A  great  deal  of  the  first  railroad  track 
of  this  country  was  laid  with  longitudinal  stringers  of  wood 
placed  upon  cross-ties,  the  inner  edge  of  the  stringers  being 
protected  by  wrought- iron  straps.  The  "bridge"  rails  were 
first  rolled  in  this  country  in  1844.  The  "pear"  section  was 
an  approach  to  the  present  form,  but  was  very  defective  on 
account  of  the  difficulty  of  designing  a  good  form  of  joint.  The 
"Stevens"  section  was  designed  in  1830  by  Col.  Robert  L. 
Stevens,  Chief  Engineer  of  the  Camden  and  Amboy  Railroad; 
although  quite  defective  in  its  proportions,  according  to  the 
present  knowledge  of  the  requirements,  it  is  essentially  the  pres- 
ent form.  In  1836,  Charles  Vignoles  invented  essentially  the 
same  form  in  England ;  this  form  is  therefore  Icnown  throughout 
England  and  Europe  as  the  Vignoles  rail. 

226.  Present  standard  forms.  The  larger  part  of  modern 
railroad  track  is  laid  with  rails  which  arc  either  "T"  rails  or 
the  double-headed  or  "  bull-headed "  rails  which  are  carried  in 
chairs.  The  double-headed  rail  was  designed  with  a  symmetri- 
cal form  with  the  idea  that  after  one  Iiead  had  been  worn  out 
by  traffic  the  rail  could  be  reversed,  and  that  its  life  would  be 
praQticaUy  doubled.    Experience  has  shown  that  t\\a  >^^^v  ^^^'Osx*^ 
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rail  in  the  chairs  is  very  great;  so  much  so  that  when  one  head 
has  been  worn  out  by  traffic  the  whole  rail  is  generally  usele:js. 


BALT.  A  OHIO  R.  R. 
QUINCYR.R.  1843.  "BULL-HEAD." 


CAMDEN  A  AMBOY.         STEPHENSON.  "PEAR.»» 

1882.  1888. 


REYNOLDS— 1787. 

Fia.  111. — Eablt  Forms  of  Rails. 


If  the  rail  is  turned  over,  the  worn  places,  caused  by  the  chairs, 
make  a  rough  track  and  the  rail  appears  to  be  more  brittle  and 
subject  to  fracture,  possibly  due  to  the  crystallization  that  may 
have  occurred  during  the  previous  usage  and  to  the  reversal  of 
stresses  in  the  fibers.  Whatever  the  explanation,  experience  has 
d(Miu)nstrated  the  lact.  The  "bull-headed" 
rail  htus  the  lower  head  only  large  enough  to 
properly  hold  the  wooden  keys  with  which 
the  rail  is  secured  to  the  chairs  (see  Fig.  112) 
and  furnish  the  nec(;ssary  strength.  The  use 
of  tlu^se  rails  recjuires  the  use  of  two  cast- 
iron  chairs  for  each  tie.  It  is  claimed  that 
ifuch  track  is  hctivr  for  hcnivy  and  ^a^t  Ut\(Rc,  but  it  w  more 


Fio.  112.  —  Bull- 
headed  Rail  and 

CUAIH. 


§226. 


RAII^. 


237 


expensive  to  build  and  maintain.     It  is  the  standard  form  of 
track  in  England  and  some  parts  of  Europe. 

Until  a  few  years  ago  there  was  a  very  great  multiplicity 
in  the  designs  of  "T"  rails  as  used  in  this  country,  nearly  every 
prominent  railroad  ha\ing  its  own  special  de^sign,  which  perhaps 
differed  from  that  of  some  other  road  by  only  a  very  minute  and 
insignificant  detail,  but  which  nevertheless  would  i-equire  a 
complete  new  set  of  rolls  for  rolling.  This  certainly  must  have 
had  a  very  appreciable  effect  on  the  cost  of  rails.  In  1893,  the 
American  Society  of  Civil  Engineers,  after  a  very  exhaustive 
investigation  of  the  subject,  extending  over  several  years,  hav- 
ing obtained  the  opinions  of  the  best  experts  of  the  countrv% 
adopted  a  series  of  sections  which  have  been  very  extensively 
adopted  by  the  railroads  of  this  country.  Instead  of  having 
the  rail  sections  for  various  weights  to  be  geometrically  similar 
figures,  certain  dimensions  are  made  constant,  regardless  of  the 
weight.  It  was  decided  that  the  metal  should  be  distributed 
through  the  section  in  the  proportions  of— head  42%,  web  21%, 
and  flange  37%.    The  top  of  the  head  should  have  a  radius  of 


Fia.  113. — Am.  Soc.  C.  E.  Standard  Rail  Section. 


12";    the  top  comer  radius  of  head  should  be  ^";   the  lower 
comer  radius  of  head  should  be  ^^"\  the  corners  of  the  flanges, 
^y"  radius;   side  radius  of  web,  12";   top  and  bottow\  t\5A\\  <:K 
web  comers,  }";  and  angles  with  the  Yior\z.oi\\.a\  ol  Wv^  \xvA^^  "ix^^ 
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of  the  head  and  the  top  of  the  flange,  IS**.    The  sides  of  the  head 
are  vertical. 

The  height  of  the  rail  (D)  and  the  width  of  the  base  (C)  are 
always  made  equal  to  each  other. 


Weight  per  Yard. 
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The  chief  features  of  disagreement  among  railroad  men  relate 

to  the  radius  of  the  upper  corner  of  the  head  afid  the  slope  of  the 

side  of  the  head.     The  radius  (i\'0  adopted  for  the  upper  comer 

(constant  for  all  weights)  is  a  little  more  than  is  advocated  by 

those  in  favor  of  "sharp  comers"  who  often  use  a  radius  of  J". 

On  the  other  hand  it  is  much  less  than  is  advocated  by  those 

who  consider  that  it  should  be  nearly  equal 

to  (or  even  greater  than)  the  larger  radius 

universally  adopted  for  the  comer  of  the 

wheel-flange.     The  discussion  turns  on  the 

relative  rapidity  of  rail  wear  and  the  wear 

of  the  wheel-flanges  as  affected  by  the  relar 

tion  of  the  form  of  the  wheel-tread  to  that 

of  the  rail.     It  is  argued  that  sharp  rail 

corners  wear  the  wheel-flanges  so  as  to 

produce  sharp  flanges,  which  are  liable  to 

Fia.    114. — Relation    cause  derailment  at  switches  and  also  to 

?read!'' '^'^  ^"''*'^    require    that   the   tires   of   engine-drivers 

must  be  more  frequently  turned  down  to  their  true  form.     On 

the  other  hand  it  is  generally  believed  that  rail  wear  is  much  less 

rapid  while  the  area  of  contact  between  the  rail  and  wheel-flange 

is  small,  and  that  when  the  rail  has  worn  down,  as  it  invariably 

does,  to  nearly  the  same  form  as  the  wheel-flange,  the  rail  wears 

away  very  quickly. 

.227.  Weight  for  various  kinds  of  traffic.     The  heaviest  rails 

j'n  regular  use  weifnh  100  lbs.  per  yard,  and  even  these  are  only 

rn^d  on  some  of  the  heaviest  traffiic  secUoii^  ol  «vx<j,\\  ro949  W  the 


§  228.  RAILS.  239 

N.  Y.  Central,  the  Pennsylvania,  the  N.  Y.,  N.  H.  &  H.,  and 
a  few  others.  Probably  the  larger  part  of  the  mileage  of  the 
country  is  laid  with  60-  to  75-lb.  rails — considering  the  fact  that 
"the  larger  part  of  the  mileage"  consists  of  comparatively  light- 
traffic  roads  and  may  exclude  all  the  heavy  trunk  lines.  Very 
light-traffic  roads  are  sometimes  laid  with  56-lb.  rails.  Roads 
with  fairly  heavy  traffic  generally  use  75-  to  85-lb.  rails,  espe- 
cially when  grades  are  heavy  and  there  is  much  and  sharp  curva- 
ture. The  tendency  on  all  roads  is  toward  an  increase  in  the 
weight,  rendered  necessary  on  account  of  the  increase  in  the 
weight  and  capacity  of  rolling  stock,  and  due  also  to  the  fact  that 
the  price  of  rails  has  been  so  reduced  that  it  is  both  better  and 
cheaper  to  obtain  a  more  solid  and  durable  track  by  increasing 
the  weight  of  the  rail  rather  than  by  attempting  to  support  a 
weak  rail  by  an  excessive  number  of  ties  or  by  excessive  track 
labor  in  tamping.  It  should  be  remembered  that  in  buying  rails 
the  mere  weight  is,  in  one  sense,  of  no  importance.  The  im- 
portant thing  to  consider  is  the  strength  and  the  stiffness.  If 
we  assume  that  all  weights  of  rails  hj-ve  similar  cross-section, 
(which  is  nearly  although  not  exactlj*^  true),  then,  since  for  beams 
of  similar  cross-sections  the  strength  varies  as  the  cube  of  the 
homologous  dimensions  and  the  stiffness  as  the  fourth  powers 
while  the  area  (and  therefore  the  weight  per  unit  of  length) 
only  varies  as  the  square,  it  follows  that  the  stiffness  varies  as 
the  square  of  the  w  eight,  and  the  strength  as  the  |  power  of  the 
weight.  Since  for  ordinary  variations  of  weight  the  price  per 
ton  is  the  same,  adding  (say)  10%  to  the  weight  (and  cost)  adds 
21%  to  the  stiffness  and  over  15%  to  the  strength.  As  another 
illustration,  using  an  80-lb.  rail  instead  of  a  75-lb.  rail  adds  only 
6|%  to  the  cost,  but  adds  about  14%  to  the  stiffness  and  nearly 
11%  to  the  strength.  This  shows  why  heavier  rails  are  more 
economical  and  are  being  adopted  even  when  they  are  not  abso- 
lutely needed  on  account  of  heavier  rolling  stock.  The  stiffness, 
strength,  and  consequent  durability  are  increased  in  a  much 
greater  ratio  than  the  cost. 

228.  Effect  of  stiffness  on  traction.  A  very  important  but 
generally  unconsidered  feature  of  a  stiff  rail  is  its  effect  on  trac- 
tive force.  An  extreme  illustration  of  this  principle  is  seen 
when  a  vehicle  is  drawn  over  a  soft  sandy  road.  The  constant 
compression  of  the  sand  in  front  of  the  wheel  has  vittv^'aWs  NJcsfc 
same  effect  on  traction  as  drawing  the  Yf\i<e^\  m^  &  \gc^^^  ^V^^qr^ 
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steepness  depends  on  the  radius  of  the  wheel  and  the  depth  of 
the  rut.  On  the  other  hand,  if  a  wheel,  made  of  perfectly 
elastic  material,  is  rolled  over  a  surface  which,  while  supported 
with  absolute  rigidity,  is  also  perfectly  elastic,  there  would  be  a 
forward  component,  caused  by  the  expanding  of  the  compressed 
metal  just  behind  the  center  of  contact,  which  would  just  bal- 
ance the  backward  component.  If  the  rail  was  supported 
throughout  its  length  by  an  absolutely  rigid  support,  the  high 
elasticity  of  the  wheel-tires  and  rails  would  reduce  this  form  of 
resistance  to  an  insignificant  quantity,  but  the  ballast  and  even 
the  ties  are  comparatively  inelastic.  Wlien  a  weak  rail  yields, 
the  ballast  is  more  or  less  compressed  or  displaced,  and  even 
though  the  elasticity  of  the  rail  brings  it  back  to  nearly  its 
former  place,  the  work  done  in  compressing  an  inelastic  material 
is  wholly  lost.  The  effect  of  this  on  the  fuel  account  is  certainly 
very  considerable  and  yet  is  frequently  entirely  overlooked.  It 
is  practically  impossible  to  compute  the  saving  in  tractive  power, 
and  therefore  in  cost  of  fuel,  resulting  from  a  given  increase  in 
the  weight  and  stiffness  of  the  rail,  since  the  yielding  of  the  rail 
is  so  dependent  on  the  spacing  of  the  ties,  the  tamping,  etc.  But 
it  is  not  difficult  to  perceive  in  a  general  way  that  such  an  econ- 
omy is  possible  and  that  it  should  not  be  neglected  in  considering 
the  value  of  stiffness  in  rails, 

229.  Length  of  rails.  The  standard  length  of  rails  with  most 
railroads  is  30  feet.  In  recent  years  many  roads  have  been  try- 
ing 45-foot  and  even  60-foot  rails.  The  argument  in  favor  of 
longer  rails  is  chiefly  that  of  the  reduction  in  track-joints,  which 
are  costly  to  construct  and  to  maintain  and  are  a  fruitful  source 
of  accidents.  Mr.  Morrison  of  the  Lehigh  Valley  R.  R.*  declares 
that,  as  a  result  of  extensive  experience  with  45-foot  rails  on 
that  road,  he  finds  that  they  are  much  less  expensive  to  handle, 
and  that,  being  so  long,  they  can  be  laid  around  sharp  curves 
without  being  curved  in  a  machine,  as  is  necessary  with  the 
shorter  rails.  The  great  objection  to  longer  rails  lies  in  the 
difficulty  in  allowing  for  the  expansion,  which  will  require,  in 
the  coldest  weather,  an  opening  at  the  joint  of  nearly  J"  for  a 
60-foot  rail.  The  Pennsylvania  R.  R.  and  the  Norfolk  and 
Western  R.  R.  each  have  a  considerable  mileage  laid  with  60-foot 
rails. 

♦  Heport,  Roadmasters  AsaociaWoTv.A^'^^* 
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230.  Expansion  of  rails.  Steel  expands  at  the  rate  of  .0000065 
of  its  length  per  degree  Fahrenheit.  The  extreme  range  of  tem- 
perature to  which  any  rail  will  be  subjected  will  be  about  160°, 
or  say  from  -20°  F.  to  +140°  F.  With  the  above  coefficient 
and  a  rail  length  of  60  feet  the  expansion  would  be  0.0624  foot, 
or  about  }  inch.  But  it  is  doubtful  whether  there  would  ever 
be  such  a  range  of  motion  even  if  there  were  such  a  range  of 
temperature.  Mr.  A.  Torrey,  chief  engineer  of  the  Mich.  Cent. 
R.  R.,  experimented  with  a  section  over  500  feet  long,  which, 
although  not  a  single  rail,  was  made  "continuous"  by  rigid 
splicing,  and  he  found  that  there  was  no  appreciable  additional 
contraction  of  the  raU  at  any  temperature  below  +20°  F.  The 
reason  is  not  clear,  but  the  fact  is  undeniable. 

The  heavy  girder  rails,  used  by  the  street  railroads  of  the 
country,  are  bonded  together  with  perfectly  tight  rigid  joints 
which  do  not  permit  expansion.  If  the  rails  are  laid  at  a  tem- 
perature of  60°  F.  and  the  temperature  sinks  to  0°,  the  rails 
have  a  tendency  to  contract  .00039  of  their  length.  If  this 
tendency  is  resisted  by  the  friction  of  the  pavement  in  which  the 
rails  are  buried,  it  only  results  in  a  tension  amounting  to  .00039 
of  the  modulus  of  elasticity,  or  say  10920  pounds  per  square 
inch,  assuming  28000000  as  the  modulus  of  elasticity.  This 
stress  is  not  dangerous  and  may  be  permitted.  If  the  tempera- 
ture rises  to  120°  I\,  a  tendency  to  expansion  and  buckling  will 
take  place,  which  will  be  resisted  as  before  by  the  pavement, 
and  a  compression  of  10920  pounds  per  square  inch  will  be  in- 
duced, which  wiU  likewise  be  harmless.  The  range  of  tempera- 
ture of  rails  which  are  buried  in  pavement  is  much  less  than 
when  they  are  entirely  above  the  ground  and  will  probably 
never  reach  the  above  extremes.  Rails  supported  on  ties  which 
are  only  held  in  place  by  ballast  must  be  allowed  to  expand  and 
contract  almost  freely,  as  the  ballast  cannot  be  depended  on  to 
resist  the  distortion  induced  by  any  considerable  range  of  tcm- 
j>erature,  especially  on  curves. 

231.  Rules  for  allowing  for  temperature.  Track  regulations 
generally  require  that  the  track  foremen  shall  use  iron  (not 
wooden)  shims  for  placing  between  the  ends  of  the  rails  while 
splicing  them.  The  thickness  of  these  shims  should  vary  with 
the  temperature.  Some  roads  use  such  approximate  rules  as  the 
following:  "The  proper  thickness  for  coldest  weather  i^  ^^  v>,^  "axv 
inch;   during  spring  and  fall  use  \  oi  au  VncYi,  axA  '\w  \)c\si  ^^^^ 
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This  is  on 

the  basis  of  a  SO-foot  rail.  When  a  more  accurate  adjustment 
than  t^his  is  desired,  it  may  be  done  by  assuming  some  very  high 
temperature  (120°  to  150°  F.)  as  a  maximum,  when  the  joints 
should  be  tight;  then  compute  in  tabular  form  the  spacing  for 
each  temperature,  varying  by  20°,  allowing  0".0468  (ahnost 
exactly  fV)  for  each  20°  change.  Such  a  tabular  form  would 
be  about  as  follows  (rail  length  30  feet): 


Temperature .... 

ISO'' 

iao° 

110° 

90=> 

70^ 

50° 

30° 

10° 

-10*^ 

-2QP 

Rail  opening 

0 

B^«" 

ia" 

i*" 

I'c" 

ir 

r 

ir 

One  practical  difficulty  in  the  way  of  great  refinement  in  this 
work  is  the  determination  of  the  real  temperature  of  the  rail 
when  it  is  laid.  A  rail  lying  in  the  hot  sun  has  a  very  much 
higher  temperature  than  the  air.  The  temperature  of  the  rail 
cannot  be  obtained  even  by  exposing  a  thermometer  directly  to 
the  sun,  although  such  a  result  might  be  the  best  that  is  easily 
obtainable.  On  a  cloudy  or  rainy  day  the  rail  has  practically 
the  same  temperature  as  the  air;  therefore  on  such  days  there 
need  be  no  such  trouble. 

232.  Chemical  composition.  About  98  to  99.5%  of  the  com- 
position of  steel  rails  is  iron,  but  the  value  of  the  rail,  as  a  rail, 
is  almost  wholly  dependent  upon  the  large  number  of  other 
chemical  elements  which  are,  or  may  be,  present  in  very  small 
amounts.  The  manager  of  a  steel-rail  mill  once  declared  that 
their  aim  was  to  produce  rails  having  in  them — 

Carbon 0.32  to  0.40% 

SUicon 0.04  to  0.06% 

Phosphorus 0.09  to  0.105% 

Manganese 1 .00  to  1 .50% 

The  analysis  of  32  sp(^cimens  of  rails  on  the  Chic,  Mil.  &,  St 
Paul  11.  R.  showed  variations  as  follows: 


Carbon 0.211  to  0.52% 

Silicon 0.013  to  0.256% 

Phosphorus 0.055  to  0. 181% 

Manganese, 0 .35    to  1 .63% 
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These  quantities  have  the  same  general  relative  proportions 
as  the  rail-mill  standard  given  above,  the  differences  lying 
mainly  in  the  broadening  of  the  limits.  Increasing  the  per- 
centage of  carbon  by  even  a  few  hundredths  of  one  per  cent 
makes  the  rail  harder,  but  likewise  more  brittle.  If  a  track  is 
well  ballasted  and  not  subject  to  heaving  by  frost,  a  harder  and 
more  brittle  rail  may  be  used  without  excessive  danger  of  break- 
age, and  such  a  rail  will  wear  much  longer  than  a  softer  tougher 
rail,  although  the  softer  tougher  rail  may  be  the  better  rail  for 
a  road  having  a  less  perfect  roadbed. 

A  small  but  objectionable  percentage  of  sulphur  is  some- 
times found  in  rails,  and  very  delicate  analysis  will  often  show 
the  presence,  in  very  minute  quantities,  of  several  other  chem- 
ical elements.  The  use  of  a,  very  small  quantity  of  nickel  or 
aluminum  has  often  been  suggested  as  a  means  of  producing 
a  more  durable  rail.  The  added  cost  and  the  uncertainty  of 
the  amount  of  advantage  to  be  gained  has  hitherto  prevented 
the  practical  use  or  manufacture  of  such  rails. 

233.  Testing.  Chemical  and  mechanical  testing  are  both 
necessary  for  a  thorough  determination  of  the  value  of  a  rail. 
The  chemical  testing  has  for  its  main  object  the  determination 
of  those  mjjiute  quantities  of  chemical  elements  which  have  such 
a  marked  influence  on  the  rail  for  good  or  bad.  The  mechanical 
testing  consists  of  the  usual  tests  for  elastic  Umit,  ultimate 
strength,  and  elongation  at  rupture,  determined  from  pieces  cut 
out  of  the  rail,  besides  a  "drop  test."  The  drop  test  consists 
in  dropping  a  weight  of  2000  lbs.  from  a  height  of  16  to  20  feet 
on  to  the  center  of  a  rail  which  is  supported  on  abutments. 
placed  three  or  four  feet  apart.  The  number  of  blows  required 
to  produce  rupture  or  to  produce  a  permanent  set  of  specified 
magnitude  gives  a  measure  of  the  strength  and  toughness  of 
the  rail. 

233a.  Proposed  standard  specifications  for  steel  rails.  The 
following  specifications  for  steel  rails  are  those  proposed  by  a 
committee  of  the  American  Railway  Engineering  and  Main- 
tenance of  Way  Association  in  March,  1902: 

1.  (a)  Steel  may  be  made  by  the  Bessemer  or  open-hearth 
process. 

(6)  The  entire  process  of  manufacture  and  testing  shall  be  in 
accordance  with  the  best  standard  current  practice,  and  speciaJL 
care  sball  be  t^k^^ij  to  cpnforra  to  the  ^o\\^\\\\\^\\\^\.^^3.^^X^'v^^- 
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(c)  Ingots  shall  be  kept  in  a  vertical  positimi  in  pit-heating 
furnaces. 

(d)  No  bled  ingots  shall  be  used. 

(e)  Sufficient  material  shall  be  discarded  from  the  top  of  the 
ingots  to  insure  sound  rails. 


CHEMICAL   PROPERTIES. 


2.  Rails  of  the  various  weights  per  yard  specified  below  shall 
conform  to  the  following  limits  in  chemical  composition: 


50  to  59  + 

lbs. 
per  cent. 


60  to  69  + 

lbs. 
per  cent. 


70  to  79  + 

lbs. 
per  cent. 


80  to  89  + 

lbs. 
per  cent. 


90  to  100 

lbs. 
per  cent. 


Carbon 

I*hosphorus  shall  not 

exceod , 

Silicon  shall  not  ex 

ceed 

Manf^anese  ......... 


0.35-0.45 
0.10 


0.20 
0.7^3-1.00 


0.3^-0.48 
0.10 


0.20 
0.70-1.00 


0.40-0.50 
0.10 


0.20 
0.75-1.05 


0.43-0.63 
0.10 


0.45-0.65 
0.10 


0.20 
0.80-1.10 


0.20 
0.80-1.10 


PHYSICAL   PROPERTIES. 

3.  One  drop  test  shall  be  made  on  a  piece  of  rail  not  more  than 
6  feet  long,  selected  from  every  fifth  blow  of  steels  The  test- 
piece  shall  be  taken  from  the  top  of  the  ingot.  The  rail  shall 
be  placed  head  upwards  on  the  supports  and  the  various  sections 
shall  be  subjected  to  the  following  impact  tests: 


Weight  of  Rail  in  Pounds  per  Yard. 

Height  of  Drop 
in  Feet. 

45  to  and  including  55 

More  than  55  "     *'            "           65 

••     05  "     •*            "           75 

16 
16 
17 

"     75  "     "            "           85 

18 

"     85  "     '•            ••         100 

19 

If  any  rail  break  when  subjected  to  the  drop  test  two  additional 
tests  will  be  made  of  other  rails  from  the  same  blow  of  steel,  and 
if  either  of  these  latter  tests  fail,  all  the  rails  of  the  blow  which 
they  represent  will  be  rejected;  but  if  both  of  these  additional 
test-pieces  meet  the  requirements  all  the  rails  of  the  blow  which 
they  represent  will  l)e  accepted.  If  the  rails  from  the  tested 
bio IV  shall  be  rejected  for  failure  to  mo^t.  the  requirements  of 
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the  drop  test,  as  above  gpedfied,  two  other  rails  wiii  be  subjected 
to  the  same  teste,  one  from  the  blow  next  preceding  and  one  from 
the  blow  next  succeeding,  the  rejected  blow.  In  case  the  first 
test  taken  from  the  preceding  or  succeeding  blow  shall  fail  two 
additional  tests  shall  be  taken  from  the  same  blow  of  steel,  the 
acceptance  or  rejection  of  which  shall  also  be  determined  as 
specified  above,  and  if  the  rails  of  the  preceding  or  succeeding, 
blow  shall  be  rejected,  similar  tests  may  be  taken  from  the  pre- 
vious or  following  blows,  as  the  case  may  be,  until  the  entire 
group  of  five  blows  is  tested,  if  necessary.  The  acceptance  or 
rejection  of  all  rails  from  any  blow  will  depend  upon  the  results 
of  the  tests  thereof. 

HEAT  TREATMENT. 

The  number  of  passes  and  speed  of  train  shall  be  so  regulated 
that  on  leaving  the  rolls  at  the  final  pass  the  temperature  of  the 
rail  will  not  exceed  that  which  requires  a  shrinkage  allowance  at 
the  hot  saws  of  6  inches  for  85-lb.  and  6 J  inches  for  100-lb.  rails, 
and  no  artificial  means  of  cooling  the  rails  shall  be  used  between 
the  finishing  pass  and  the  hot  saws. 

TEST-PIECES   ANT>  METHOi)S    OF   TESTING. 

4.  The  drop-test  machine  shall  have  a  tup  of  2000  lbs.  weight, 
the  striking  face  of  which  shall  have  a  radius  of  not  more  than 
5  inches,  and  the  test  raal  shall  be  placed  head  upwards  on  solid 
supports  3  feet  apart.  The  anvil-block  shall  weigh  at  least 
20000  lbs.,  and  the  support  shall  be  a  part  of,  or  firmly  secured 
to,  the  aittvil. 

5.  The  manufacturer  shall  furnish  the  inspector,  daily,  with 
carbon  determinations  of  each  blow,  and  a  complete  chemical 
analysis  every  24  hours,  representing  the  average  of  the  other 
elements  ^lontained  in  the  steel.  These  analyses  shall  be  made 
on  drillings  taken  from  a  small  test  ingot. 

FINISH. 

6.  Unless  otherwise  specified  the  section  of  rail  shall  be  the 
American  standard,  recommended  by  the  American  Society  of 
<7ivil  Engineers,  and  shall  conform,  as  accurately  as  possible, 
to  the  templet  fumii^ed  by  the  railroad  company,  consistfe^vt. 
with  paragraph  No.  7,  relative  to  the  spoeV^e^  ^«i\^\,.     K^"2c£\.- 
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ation  in  height  of  gV  ^^^^h  less  and  ^^  inch  greater  than  the  specified 
height  will  be  permitted.  A  perfect  fit  of  the  splice-bars,  how- 
ever, shall  be  maintained  at  all  times. 

7.  The  weight  of  the  rails  shall  be  maintained  as  nearly  as 
possible,  after  complying  with  paragraph  No.  6,  to  that  specified 
in  contract.  A  variation  of  one-half  of  one  per  cent  for  an  entire 
order  will  be  allowed.  Rails  shall  be  accepted  and  paid  for  ac- 
cording to  actual  weights. 

8.  The  standard  length  of  rails  shall  be  33  feet.  Ten  per  cent 
of  the  entire  order  will  be  accepted  in  shorter  lengths,  varying 
by  even  feet  down  to  27  feet.  A  variation  of  J  inch  in  length 
from  that  specified  will  be  allowed. 

9.  Circular  holes  for  splice-bars  shall  be  drilled  in  accordance 
with  the  specifications  of  the  purchaser.  The  holes  shall  accu- 
rately conform  to  the  drawing  and  dimensions  furnished  in  every 
respect,  and  must  be  free  from  burrs. 

10.  Rails  shall  be  straightened  while  cold,  smooth  on  head, 
sawed  square  at  ends,  and,  prior  to  shipment,  shall  have  the 
burr,  occasioned  by  the  saw-cutting,  removed,  and  the  ends 
made  clean.  No.  1  rails  shall  be  free  from  injurious  defects  and 
flaws  of  all  kinds. 

BRANDING. 

11.  The  name  of  the  maker,  the  month  and  year  of  manu- 
facture shall  be  rolled  in  raised  letters  on  the  side  of  the  web, 
and  the  number  of  the  blow  shall  be  stamped  on  each  rail 

INSPECTION. 

12.  The  inspector  representing  the  purchaser  shall  have  all 
reasonable  facilities  afforded  to  him  by  the  manufacturer  to 
satisfy  him  that  the  finished  material  is  furnished  in  accord- 
ance with  these  specifications.  All  tests  and  inspections  shall 
be  made  at  the  place  of  manufacture,  prior  to  shipment. 

NO.    2   RAILS. 

13.  Rails  that  possess  any  injurious  physical  defects,  or  which 
for  any  other  cause  are  not  suitable  for  first  quality,  or  No.  1 
rails,  shall  be  considered  as  No.  2  rails,  provided,  however,  that 
rails  which  contain  any  physical  defects  which  seriously  impair 
their  strength  shall  be  rejected.     The  ends  of  all  No.  2  rails 

a&aJI  be  painted  in  order  to  distinguish  them. 
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234.  Rail  wear  on  tangents.  When  the  wheel  loads  on  a  rail 
are  abnormally  heavy,  and  particularly  when  the  rail  has  but 
little  carbon  and  is  unusually  soft,  the  concentrated  pressure 
on  the  rail  is  frequently  greater  than  the 
elastic  limit,  and  the  metal  "flows"  so  that 
the  head,  although  greatly  abraded,  vnW 
spread  somewhat  outside  of  its  original  lines, 
as  shown  in  Fig.  115.  The  rail  wear  that 
occurs  on  tangents  is  almost  exclusively 
on  top.  Statistics  show  that  the  rate  of 
rail  wear  on  tangents  decreases  as  the  rails 
are  more  worn.  Tests  of  a  large  number  of 
rails  on  tangents  have  shown  a  rail  wear  averaging  nearly  one 
pound  per  yard  per  10  000  000  tons  of  traffic.  There  is  about 
33  pounds  of  metal  in  one  yard  of  the  head  of  an  80-lb.  rail.  As 
an  extreme  value  this  may  be  worn  down  one-half,  thus  giving 
a  tonnage  of  165  000  000  tons  for  the  life  of  the  rail.  Other 
estimates  bring  the  tonnage  down  to  125  000  000  tons.  Since 
the  locomotive  is  considered  to  be  responsible  for  one-half  (and 
possibly  more)  of  the  damage  done  to  the  rail,  it  is  found  that 
the  rate  of  wear  on  roads  with  shorter  trains  is  more  rapid  in 
proportion  to  the  tonnage,  and  it  is  therefore  thought  that  the 
life  of  a  rail  should  be  expressed  in  terms  of  the  number  of  trains. 
This  has  been  estimated  at  300  000  to  500  000  trains. 

235.  Rail  wear  on  curves.  On  curves  the  maximum  rail  wear 
occurs  on  the  inner  side  of  the  head  of  the  outer  rail,  giving  a 
worn  form  somewhat  as  shown  in  Fig.  116.     The  dotted  line 

shows  the  nature  and  progress  of  the  rail  wear 
on  the  inner  rail  of  a  curve.  Since  the  press- 
ure on  the  outer  rail  is  somewhat  lateral 
rather  than  vertical,  the  "flow"  does  not 
take  place  to  the  same  extent,  if  at  all,  on 
the  outside,  and  whatever  flow  would  take 
place  on  the  inside  is  immediately  worn  off 
by  the  wheel-flange.  Unlike  the  wear  on 
tangents,  the  wear  on  curves  is  at  a  greater 
rate  as  the  rail  becomes  more  worn. 

The  inside  rail  on  curves  wears  chiefly  on  top,  the  same  as 
on  a  tangent,  except  that  the  wear  is  much  greater  owing  to  the 
longitudinal  slipping  of  the  wheels  on  the  rail,  and  the  lateral 
elipping  that  must  occur  when  a  r\^\d  iaw\-Vtv^^^^  \xviS5i«^  >^ 


Fig.  116. 


248  RAILIIOAD   CONSTRUCTION.  §  236. 

guided  around  a  cun^e.  The  outside  rail  is  subjected  to  a 
greater  or  less  proportion  of  the  longitudinal  slipping,  likewise 
to  the  lateral  slipping,  and,  worst  of  all,  to  the  grindmg  action 
of  the  flange  of  the  wheel,  which  grinds  off  the  side  of  the  head 

The  rcsulis  of  some  very  elaborate  tests,  made  by  Mr.  A  M. 
Wellington,  on  the  Atlantic  and  Great  Western  R.  R.,  on  the 
wear  of  rails,  seem  to  show  that  the  rail  wear  on  curves  may  be 
expressed  by  the  formula:  ** Total  wear  of  rails  on  a  d  degree 
curve  in  pounds  per  yard  per  10  000  000  tons  duty  =  1+0  OS(P." 
"It  is  not  pretended  that  this  formula  is  strictly  correct  even 
in  theory,  but  several  theoretical  considerations  indicate  that 
it  may  be  nearly  so."  According  to  this  formula  the  average 
rail  wear  on  a  6°  curve  will  be  about  twice  the  rail  wear  on  a  tan- 
gent. While  this  is  approximately  true,  the  various  causes 
modifying  the  rate  of  rail  wear  (length  of  trains,  age  and  quality 
of  rails,  etc.)  will  result  in  numerous  and  large  variations  from 
the  above  formula,  which  should  only  be  taken  as  indicating  an 
approximate  law. 

236.  Cost  of  rails.  In  1 873  the  cost  of  steel  rails  was  about 
$120  per  ton,  and  the  cost  of  iron  rails  about  $70  per  ton 
Although  the  steel  rails  were  at  once  recognized  as  superior  to 
iron  rails  on  account  of  more  uniform  wear,  they  were  an  expen- 
sive luxury.  The  manufacture  of  steel  rails  by  the  Bessemer 
process  created  a  revolution  in  prices,  and  they  have  steadily 
dropped  in  price  until,  during  the  last  few  years,  steel  rails  have 
been  manufactured  and  sold  for  $22  per  ton.  At  such  prices 
there  is  no  longer  any  demand  for  iron  rails,  since  the  cost  of 
manufacturing  them  is  substantially  the  same  as  that  of  steel 
rails,  while  their  durability  is  unquestionably  inferior  to  that  of 
steel  rails. 


CHAPTER  X. 
RAIL-FASTENINGS. 

RAIL-JOINTS 

237.  Theoretical  requirements  for  a  perfect  joint.  A  perfect 
rail- joint  is  one  that  has  the  same  strength  and  sti-ffness — no 
more  and  no  less — as  the  rails  which  it  joins,  and  which  will 
uot  interfere  with  the  regular  and  uniform  spacing  of  ties.  It 
should  also  be  reasonably  cheap  both  in  first  cost  and  in  cost  of 
maintenance.  Since  the  action  of  heavy  loads  on  an  elastic  rail 
is  to  cause  a  wave  of  translation  in  front  of  each  wheel,  any 
change  in  the  stiffness  or  elasticity  of  the  rail  structure  will 
cause  more  or  less  of  a  shock,  which  must  be  taken  up  and 
resisted  by  the  joint.  The  greater  the  change  in  stiffness  the 
greater  the  shock,  and  the  greater  the  destructive  action  of  the 
shock.  The  perfect  rail-joint  must  keep  both  rail-ends  truly  in 
line  both  laterally  and  vertically,  so  that  the  flange  or  tread  of 
the  wheel  need  not  jump  or  change  its  direction  of  motion  sud- 
denly in  passing  from  one  rail  to  the  other.  A  consideration  of 
all  the  above  requirements  will  show  that  only  a  perfect  welding 
of  rail-ends  would  produce  a  joint  of  uniform  strength  and  stiff- 
ness which  would  give  a  uniform  elastic  wave  ahead  of  each 
wheel.  As  Avelding  is  impracticable  for  ordinary  railroad  work 
(see  §  230),  some  other  contrivance  is  necessary  which  will 
approach  this  ideal  as  closely  as  may  be. 

238.  Efficiency  of  the  ordinary  angle-bar.  Throughout  the 
middle  portion  of  a  rail  the  rail  acts  as  a  continuous  girder.  If 
we  consider  for  simplicity  that  the  ties  are  unyielding,  the  deflec- 
tion of  such  a  continuous  girder  between  the  ties  will  be  but 
one-fourth  of  the  deflection  that  would  be  found  if  the  rail  were 
cut  half-way  between  the  ties  and  an  equal  concentrated  load 
were  divided  equally  between  the  two  unconnected  ends.  The 
maximum  stress  for  the  continuous  girder  would  be  but  one-half 
of  that  in  the  cantilevers.  Joining  these  ends  with  rail-joints 
will  give  the  ordinary  "suspended"  joint.    In  order  to  main- 
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tain  uniform  strength  and  stiffness  the  angle-bars  must  supply 
the  deficiency.  These  theoretical  relations  are  modified  to  an 
unknown  extent  by  the  unknown  and  variable  yielding  of  the 
ties  From  some  experiments  made  by  the  Association  of 
Engineers  of  Maintenance  of  Way  of  the  P.  R.  R.*  the  follo\\ang 
deductions  were  made* 

1.  The  capacity  of  a  "suspended"  joint  is  greater  than  that 
of  a  "supported"  joint — whether  supported  on  one  or  three 
ties.     (See  §240) 

2.  That  (with  the  particular  patterns  tested)  the  angle-bars 
alone  can  carry  only  53  to  56%  of  a  concentrated  load  placed 
on  a  joint. 

3.  That  the  capacity  of  the  w^hole  joint  (angle-bars  and  rail) 
is  only  52  4%  of  the  strength  of  the  unbroken  rail. 

4.  That  the  ineffectiveness  of  the  angle-bar  is  due  chiefly  to 
a  deficiency  in  compressive  resistance. 

Although  it  has  been  universally  recognized  that  the  angle- 
bar  is  not  a  perfect  form  of  joint,  its  simplicity,  cheapness,  and 
reliability  have  cause^d  its  almost  universal  adoption.  Within  a 
very  few  years  other  forms  (to  be  described  later)  have  been 
adopted  on  trial  sections  and  have  been  more  and  more  extended, 
until  their  present  use  is  very  large.  The  present  time  (1900)  is 
evidently  a  transition  period,  and  it  is  quite  probable  that  within 
a  very  few  years  the  now  common  angle -plate  will  be  as  un- 
known in  standard  practice  as  the  old-fashioned  "fish-plate" 
is  at  the  present  time. 

239.  Effect  of  rail  gap  at  joints.  It  has  been  found  that  the 
jar  at  a  joint  is  due  almost  entirely  to  the  deflection  of  the  joint 
and  scarcely  at  all  to  the  small  gap  required  for  expansion. 
This  gap  causes  a  drop  equal  to  the  versed  sine  of  the  arc  having 
a  chord  equal  to  the  gap  and  a  radius  equal  to  the  radius  of 
the  wheel.  Taking  the  extreme  case  (for  a  30-foot  rail)  of  a  |" 
gap  and  a  33"  freight-car  wheel,  the  drop  is  about  T^Viy"-  In 
order  to  test  how  much  the  jarring  at  a  joint  is  due  to  a  gap  be- 
tween the  rails,  the  experiment  was  tried  of  cutting  shallow 
notches  in  the  top  of  an  otherwise  solid  rail  and  running  a  loco- 
motive and  an  inspection  car  over  them.  The  resulting  jarring 
was  practically  imperceptible  and  not  comparable  to  the  jar  pro- 
duced at  joints.     Notwithstanding  this  fact,  many  plans  have 

*  Jioadm^siQTs  Association  of  America — Reports  for  1897. 
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been  tried  for  avoiding  this  gap.  The  most  of  these  plans  con- 
sist essentially  of  some  form  of  compound  rail,  the  sections 
breaking  joints.  (Of  course  the  design  of  the  compound  rail 
has  also  several  other  objects  in  view.)     In  Fig.  117  are  shown  a 


Fig.  1 17. — Compound  Rail  Sections. 

few  of  the  very  many  designs  which  have  been  proposed.  These 
designs  have  invanably  been  abandoned  after  trial.  Another 
plan,  which  has  been  extensively  tried  on  the  Lehigh  Valley 
R.  R.,  is  the  use  of  mitered  joints.  The  advantages  gained  by 
their  use  are  as  yet  doubtful,  while  the  added  expense  is  unques- 
tionable. The  "Roadmasters  Association  of  America"  in  1895 
adopted  a  resolution  recommending  mitered  joints  for  double 
track,  but  their  use  does  not  seem  to  be  growing. 

240.  "  Supported,"  "  suspended,"  and  "  bridge  "  joints.  In  a 
supported  joint  the  ends  of  the  rails  are  on  a  tie.  If  the  angle- 
plates  are  short,  the  joint  is  entirely  supported  on  one  tie;  if 
very  long,  it  may  be  possible  to  place  three  ties  under  one  angle- 
bar  and  thus  the  joint  is  virtually  supported  on  three  ties  rather 
than  one.  In  a  suspended  joint  the  ends  of  the  rails  are  midway 
between  two  ties  and  the  joint  is  supported  by  the  two.  There 
have  always  been  advocates  of  both  methods,  but  suspended 
joints  are  more  generally  used  than  supported  joints.  The 
opponents  of  three-tie  joints  claim  that  either  the  middle  tie  will 
be  too  strongly  tamped,  thus  making  it  a  supported  joint,  or 
that,  if  the  middle  tie  is  weakest,  the  joint  becomes  a  verj^  long 
(and  therefore  weak)  suspended  joint  between  the  outer  joint- 
ties,  or  that  possibly  one  of  the  outer  joint-ties  gives  way,  thus 
breaking  the  angle-plate  at  the  joint.  Another  objection  which 
is  urged  is  that  unless  the  bars  are  very  long  (say  44  inches,  as 
used  on  the  Mich.  Cent.  R.  R.)  the  ties  are  too  close  for  proper 
tamping.  The  best  answer  to  these  objections  is  the  successful 
use  of  these  joints  on  several  heavy-traffic  roads 

"  Bridge  "-joints  are  similar  to  suspended  joints  in  that  the 
joint  is  supported  on  two  ties,  but  there  is  the  important  differ- 
ence that  the  bridge  joint  supports  the  iai,VL  ixQxsv  uudenvAoJOtv.  sssx^ 
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there  is  no  transverse  stress  in  the  rail,  whereas  the  suspended 
joint  requires  the  combined  transverse  strength  of  both  angle- 
bars  and  rail.  A  serious  objection  to  bridge-joints  lies  in  the 
fact  of  their  considerable  thickness  between  the  rail  base  and  the 
tie.  When  joints  are  placed  "staggered"  rather  than  "oppo- 
site" (as  is  now  the  invariable  standard  practice),  the  ties  sup- 
porting a  bridge- joint  must  either  be  notched  down,  thus  weak- 
ening the  tie  and  promoting  decay  at  the  cut,  or  else  the  tie 
must  be  laid  on  a  slope  and  the  joint  and  the  opposite  rail  do  not 
get  a  fair  bearing. 

241.  Failures  of  rail-joints.  It  has  been  observed  on  double- 
track  roads  that  the  maximum  rail  wear  occurs  a  few  inches 
beyond  the  rail  gap  at  the  joint  in  the  direction  of  the  traffic. 
On  single-track  roads  the  maximum  rail  wear  is  found  a  few 
inches  each  side  of  the  joint  rather  than  at  the  extreme  ends  of 
the  rail,  thus  showing  that  the  rail  end  deflects  down  under  the 
wheel  until  (with  fast  trains  especially)  the  wheel  actually  jumps 
the  space  and  strikes  the  rail  a  few  inches  beyond  the  joint,  the 
impact  producing  excessive  wear.  This  action,  which  is  called 
the  "drop,"  is  apt  to  cause  the  first  tie  beyond  the  joint  to 
become  depressed,  and  unless  this  tie  is  carefully  watched  and 
maintained  at  its  proper  level,  the  stresses  in  the  angle4)ar  may 
actually  become  reversed  and  the  bar  may  break  at  the  top.  The 
angle-bars  of  a  suspended  joint  are  normally  in  compression  at 
the  top.     The  mere  reversal  of  the  stresses  would  cause  the  bars 


Fig.  118. — Effect  of  "  Wheel  Drop"  (Exaggerated). 

to  give  way  with  a  less  stress  than  if  the  stress  were  always  the 
same  in  kind.  A  supported  joint,  and  especially  a  three-tie 
joint  (see  §  240),  is  apt  to  be  broken  in  the  same  manner. 

242.  Standard  angle-bars.  An  aogle-bar  must  be  so  made 
as  to  closely  fit  the  rails.  The  groat  multiplicity  in  the  designs 
of  rails  (referred  to  in  Chapter  IX)  results  in  nearly  as  great 
variety  in  the  detailed  dimensions  of  the  angle-l)ars.  The  sec- 
tions here  illustrated  must  be  considered  only  as  types  of  the 
variable  forms  necessary  for  each  different  shape  of  rail.     The 
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absolutely  essential  features  required  for  a  fit  are  (1)  the  angles 
of  the  upper  and  lower  surfaces  of  the  bar  where  they  fit  against 
the  rail,  and  (2)  the  height  of  the  bar.  The  bolt-holes  in  the 
bar  and  rail  must  also  correspond.  The  holes  in  the  angle-plates 
are  elongated  or  made  oval,  so  that  the  track-bolts,  which  are 


Fio.  119. — Standard  Angle-bar — 80-lb.  Rail.     M.C.  R.R. 


made  of  corresponding  shape  immediately  under  the  head,  will 
not  be  turned  by  jarring  or  \'ibration.  The  holes  in  the  rails 
are  made  of  larger  diameter  (by  about  J")  than  the  bolts,  so  as 
to  allow  the  rail  to  expand  with  temperature. 

243.  Later  designs  of  rail-joints.  In  Plate  VII  are  shown 
various  designs  which  are  competing  for  adoption.  The  most 
prominent  of  these  (judging  from  the  discussion  in  the  conven- 
tion of  the  Roadmasters  Association  of  America  in  1897)  are 
the  "Continuous"  and  the  "Weber."  Each  of  them  has  been 
very  extensively  adopted,  and  where  used  are  universally  pre- 
ferred to  anglc-platos.  Nearly  all  the  later  designs  embody 
more  or  less  directly  the  principle  of  the  bridge-joint,  i.e.,  sup- 
port the  rail  from  imdcmcath.  An  exporionco  of  sov(»nil  years 
Avill  be  required  to  demonstrate  which  form  of  joint  best  satis- 
fies the  somewhat  oppost^d  requirements  of  minimum  cost  (both 
initial  and  for  maintenance)  and  minimum  wear  of  rails  aivcl 
rolling  stock. 
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243a.  Proposed  specifications  for  steel  splice-bars.  The  fol- 
lowing specifications  for  steel  splice-bars  were  proposed  in  1900 
by  Committee  No.  1,  American  Section,  International  Associa- 
tion for  Testing  Materials. 

1.  Steel  for  splice-bars  may  be  made  by  the  Bessemer  or  open- 
hearth  process. 

2.  Steel  for  splice-bars  shall  conform  to  the  following  limits 
in  chemical  composition: 

Per  cent. 

Carbon  shall  not  exceed 0.15 

Phosphorus  shall  not  exceed 0.10 

Manganese 0.30  to 0.60 

3.  Splice-bar  steel  shall  conform  to  the  following  physical 
qualities : 

Tensile  strength,  pounds  per  square  inch 54000  to  64000 

Yield  point,  pounds  per  square  inch 32000 

Elongation,  per  cent  in  eight  inches  shall  not 

be  less  than 25 

4.  (a)  A  test  specimen  cut  from  the  head  of  the  splice-bar 
shall  bend  180°  flat  on  itself  without  fracture  on  the  outside 
of  the  bent  portion. 

(&)  If  preferred  the  bending  test  may  be  made  on  an  un- 
punched  splice-bar,  which,  if  necessary,  shall  be  first  flattened 
and  shall  then  be  bent  180°  flat  on  itself  without  fracture  on 
the  outside  of  the  bent  portion. 

5.  A  test  specimen  of  8-inch  gauged  length,  cut  from  the  head 
of  the  splice-bar,  shall  be  used  to  determine  the  physical  proper- 
ties specified  in  paragraph  No.  3. 

6.  One  tensile  specimen  shall  be  taken  from  the  rolled  splice- 
bars  of  each  blow  or  molt,  but  in  case  this  develops  flaws,  or 
breaks  outside  of  the  middle  third  of  its  gauged  length,  it  may 
be  discarded  and  another  test  specimen  submitted  therefor. 

7.  One  test  specimen  cut  from  the  head  of  the  splice-bar  shall 
be  taken  from  a  rolled  bar  of  each  blow  or  melt,  or  if  preferred 
the  bending  test  may  be  made  on  an  unpunched  splice-bar, 
which,  if  necessary,  shall  be  flattened  before  testing.  The  bend- 
ing test  may  be  made  by  pressure  or  by  blows. 

8.  For  the  purposes  of  this  specification,  the  yield  point  shall 
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be  determined  by  the  careful  observation  of  the  drop  of  the 
beam  or  halt  in  the  gauge  of  the  testing  machine. 

9.  In  order  to  determine  if  the  material  conforms  to  the  chem- 
ical limitations  prescribed  in  paragraph  No.  2  herein,  analysis 
shall  be  made  of  drillings  taken  from  a  small  test  ingot. 

10.  All  splice-bars  shall  be  smoothly  rolled  and  true  to  templet. 
The  bars  shall  be  sheared  accuratelj^  to  length  and  free  from 
fins  or  cracks,  and  shall  perfectly  fit  the  rails  for  which  they  are 
intended.  The  punching  and  notching  shall  accurately  conform 
in  every  respect  to  the  drawing  and  dimensions  furnished. 

11.  The  name  of  the  maker  and  the  year  of  manufacture  shall 
be  rolled  in  raised  letters  on  the  side  of  the  splice-bar. 

12.  The  inspector  representing  the  purchaser  shall  have  all 
reasonable  facilities  afforded  to  him  by  the  manufacturer,  to 
satisfy  him  that  the  finished  material  is  furnished  in  accordance 
with  these  specifications.  All  tests  and  inspections  shall  be 
made  at  the  place  of  manufacture,  prior  to  shipment. 

TIE-PLATES. 

244.  Advantages,  (a)  As  already  indicated  in  §  204,  the 
life  of  a  soft-wood  tie  is  very  much  reduced  by  "rail-cutting" 
and  "spike-killing,"  such  ties  frequently  requiring  renewal  long 
before  any  serious  decay  has  set  in.  It  has  been  practically 
demonstrated  that  the  "rail-cutting"  is  not  due  to  the  mere 
pressure  of  the  rail  on  the  tie,  even  with  a  maximum  load  on 
the  rail,  but  is  due  to  the  impact  resulting  from  vibration  and 
to  the  longitudinal  working  of  the  rail.  It  has  been  proved 
that  this  rail-cutting  is  practically  prevented  by  the  use  of  tie- 
plates,  (h)  On  curves  there  is  a  tendency  to  overturn  the  outer 
rail  due  to  the  lateral  pressure  on  the  side  of  the  head. 
This  produces  a  concentrated  pressure  of  the  outer  edge  of  the 
base  on  the  tie  which  produces  rail-cutting  and  also  draws  the 
inner  spikes.  Formerly  the  only  method  of  guarding  against 
this  was  by  the  use  of  "rail-braces,"  one  pattern  of  which  is 
shown  in  Fig.  120.  But  it  has  been  found  that  tie-plates  serve 
the  purpose  even  l)etter,  and  rail-braces  have  been  abandoned 
where  tie-plates  are  used,  (c)  Driving  spikes  through  holes 
in  the  plate  enables  the  spikes  on  ench  side  of  the  rail  to  mutually 
support  each  other,  no  matter  in  which  (lateral)  direction  tbsk 
rail  may  tend  to  move,  and  this  piob^XA^  «^c.^>wiV'8»  \sv  ^"^^^^ 
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measure  for  the  added  stability  obtained  by  the  use  of  tie-plates. 

(d)  The  wear  in  spikes,  called  "necking,"  caused  by  the  ver- 
tical vibration  of  the  rail  against  them,  is  very  greatly  reduced. 

(e)  The  cost  is  very  small  compared  with  the  value  of  the  added 
life  of  the  tie,  the  large  reduction  in  the  work  of  track  main- 
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tenance,  and  the  smoother  nmning  on  the  better  track  which  is 
obtained.  It  has  been  estimated  that  by  the  use  of  tie-plates 
the  life  of  hard-wood  tics  is  increased  from  one  to  three  years, 
and  the  life  of  soft-wood  ties  is  increased  from  three  to  six 
years.  From  the  very  nature  of  the  case,  the  value  of  tie-plates 
is  greater  when  they  are  used  to  protect  soft  ties. 

245.  Elements  of  the  design.  The  earliest  forms  of  tie-plates 
were  flat  on  the  bottom,  but  it  was  soon  found  that  they  would 
work  loose,  allow  sand  and  dirt  to  get  between  the  rail  and  the 
plate  and  also  between  the  plate  and  the  tie,  which  would  cause 
excessive  wear.  Such  plates  are  also  apt  to  produce  an  objec- 
tionable rattle  Another  fault  of  the  earlier  designs  was  the  use 
of  plates  so  thin  that  they  would  buckle.  The  latest  designs 
have  flanges  or  "teeth"  formed  on  the  lower  surface  which 
penetrate  the  tie  about  J"  to  If".  Opinion  is  still  divided  on 
the  question  of  whether  th(\se  teeth  should  nm  with  the  grain 
or  across  the  grain.  If  the  flanges  run  with  the  grain,  they 
generally  extend  the  whole  length  of  the  tie-plate — as  in  the 
Wolhaupter  design.  If  the  grain  is  to  be  cut  crosswise,  several 
teeth  about  1"  wide  will  be  used — as  in  the  Goldie  design. 

It  is  a  ver}'  important  feature  that  the  spike -holes  should  be 
so  punched  that  the  spikes  will  fit  closely  to  the  base  of  the  rail 
Otherwise  a  lateral  motion  of  the  rail  will  be  permitted  which 
wjJl  defeat  one  of  the  main  obiccta  o(  Ih^b  use  of  the  plate. 
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tenance,  and  the  smoother  running  on  the  better  track  which  is 
obtained.  It  has  been  estimated  that  by  the  use  of  tie-plates 
the  life  of  hard-wood  tics  is  increased  from  one  to  three  years, 
and  the  life  of  soft-wood  ties  is  increased  from  three  to  six 
years.  From  the  very  nature  of  the  case,  the  value  of  tie-plates 
is  greater  when  they  are  used  to  protect  soft  ties. 

245.  Elements  of  the  design.  The  earliest  forms  of  tie-plates 
were  flat  on  the  bottom,  but  it  was  soon  found  that  they  would 
work  loose,  allow  sand  and  dirt  to  get  between  the  rail  and  the 
plate  and  also  between  the  plate  and  the  tie,  which  would  cause 
excessive  wear.  Such  plates  are  also  apt  to  produce  an  objec- 
tionable rattle  Another  fault  of  the  earlier  designs  was  the  use 
of  plates  so  thin  that  they  would  buckle.  The  latest  designs 
have  flanges  or  "teeth"  formed  on  the  lower  surface  which. 
penetrate  the  tie  about  J"  to  If".  Opinion  is  still  divided  on 
the  question  of  whether  these  teeth  should  nm  with  the  grain, 
or  across  the  grain.  If  the  flanges  run  with  the  grain,  they 
generally  extend  the  whole  length  of  the  tie-plate — as  in  the 
Wolhaupter  design.  If  the  grain  is  to  be  cut  crosswise,  several 
teeth  about  1"  wide  vnW  be  used — as  in  the  Goldie  design. 

It  is  a  ver}'  important  feature  that  the  spike-holes  should  b© 
so  punched  that  the  spikes  will  fit  closely  to  the  base  of  the  raiL 
Othen\'ise  a  lateral  motion  of  the  rail  will  be  permitted  wbiclft 
wjJl  defeat  one  of  the  main  objecta  oi  \h<i  wee  of  the  plate. 
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Another  unsettled  detail  is  the  use  of  "shoulders"  on  the 
upper  surface.  On  the  one  hand  it  is  claimed  that  the  use  of 
shoulders  relieves  the  spikes  of  side  pressure  from  the  rail  and 
prevents  "  necking."     On  the  olher  hand  it  is  claimed  that  if  the 


GOLOIE 

Fig.  121. — ^Tie-platbs. 


the  plain  plate  is  once  properly  set  with  new  spikes  (at  least  with 
spikes  not  already  necked)  the  spikes  will  not  neck  appreci- 
ably, and  that,  as  the  shouldered  plates  cost  more,  the  additional 
expenditure  is  unnecessary. 

The  above  designs  should  be  studied  with  reference  to  the 
manner  in  which  they  fulfill  the  requirements  which  have  been 
already  stated.  As  in  the  case  of  rail- joints,  the  best  forms  of 
tie-plates  are  of  comparatively  recent  design,  and  experience  with 
them  is  still  insufficient  to  determine  beyond  all  question  which 
designs  are  the  best. 

246.  Method  of  setting.  A  very  important  detail  in  the 
process  of  setting  the  tie-plates  on  the  ties  is  that  the  flanges  or 
teeth  should  penetrate  the  tie  as  far  as  desired  when  the  plates 
are  first  put  in  position.  It  requires  considerable  force  to  press 
the  teeth  into  a  tie.  In  a  few  cases  trackmen  have  depended  ow 
the  easy  process  of  waiting  for  passing  Uama  \.o  lox^^  \}wi  \ftfeJCcw 
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down.  Until  the  tooth  are  down  the  spikes  cannot  be  driven 
home,  and  this  apparently  cheap  and  easy  process  results  in  loose 
spikes  and  rails.  If  the  trackmen  neglect  even  temporarily  to 
tighten  these  spikes,  it  will  become  impossible  to  make  them 
tight  ultimately.  The  plates  are  generally  pounded  into  place 
with  a  10-  to  16-poimd  sledge-hammer.  A  very  good  method 
was  adopted  once  during  the  construction  of  a  bridge  when  a 
pile-driver  was  at  hand.  The  bridge-ties  were  placed  under  the 
pile-hanmier.  The  plates,  accurately  set  to  gauge,  were  then 
forced  in  by  a  blow  from  the  3000-lb.  hammer  falling  2  or  3  feet 


247.  Requirements.  The  rails  must  be  held  to  the  ties  by  a 
fastening  which  will  not  only  give  sufficient  resistance,  but  which 
will  retain  its  capacity  for  resistance.  It  must  also  be  cheap 
and  easily  applied.  The  ordinary  track-spike  fulfills  the  last 
requirements,  but  has  comparatively  small  resisting  power,  com- 
pared with  screws  or  bolts.     Worse  than  all,  the  tendency  to 


Fig.  122. 


Fig.  123. 


vertical  vibration  in  the  rail  produces  a  series  of  upward  pulls  on 
the  spike  that  soon  loosens  it.  When  motion  has  once  begun 
the  capacity  for  resistance  is  greatly  reduced,  and  but  little  more 
vibration  is  required  to  pull  the  spike  out  so  much  that  redriving 
13  necessary.     Driving  the  spike  to  place  again  in  the  same  hole 
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is  of  small  value  except  as  a  very  temporary  expedient,  as  its 
holding  power  is  then  very  small.  Redriving  the  spikes  in  new 
holes  very  soon  "spike-kills"  the  tie.  Many  plans  have  been 
devised  to  increase  the  holding  power  of  spikes,  such  as  making 
them  jagged,  twisting  the  spike,  swelling  the  spike  at  about  the 
center  of  its  length,  etc.  But  it  has  been  easily  demonstrated 
that  the  fibers  of  the  wood  are  generally  so  crushed  and  torn  by 
driving  such  spikes  that  their  holding  power  is  less  than  that  of 
the  plain  spike. 

The  ordinary  spike  (see  Fig.  122)  is  made  with  a  square  cross- 
section  which  is  uniform  through  the  middle  of  its  length,  the 
lower  1}"  tapering  down  to  a  chisel  edge,  the  upper  part  swelling 
out  to  the  head.  The  Goldie  spike  (see  Fig.  123)  aims  to  im- 
prove this  form  by  reducing  to  a  minimum  the  destruction  of  the 
fibers.  To  this  end,  the  sides  are  made  smooth,  the  edges  are 
clean-cut,  and  the  point,  instead  of  being  chisel-shaped,  is  ground 
down  to  a  pyramidal  form.  Such  fiber-cutting  as  occurs  is  thus 
accomplished  without  much  crushing,  and  the  fibers  are  thus 
pressed  away  from  the  spike  and  slightly  downward.  Any 
tendency  to  draw  the  spike  will  therefore  cause  the  fibers  to 
press  still  harder  on  the  spike  and  thus  increase  the  resistance. 

248.  Driving.  The  holding  power  of  a  spike  depends  largely 
on  how  it  is  driven.  If  the  blows 
are  eccentric  and  irregular  in  direc- 
tion, the  hole  will  be  somewhat  en" 
larged  and  the  holding  power  largely 
decreased.  The  spikes  on  each 
side  of  the  rail  in  any  one  tie  should 
not  be  directly  opposite,  but  should 
be  staggered  Placing  them  direct- 
ly opposite  will  tend  to  split  the  tie, 
or  at  least  decrease  the  holding 
power  of  the  spikes.  The  direction 
of  staggering  should  be  reversed  in 
the  two  pairs  of  spikes  in  any  one 
tie  (see  Fig.  124).  This  will  tend  to  prevent  any  twisting  of  the 
tie  in  the  ballast,  which  would  otherwise  loosen  the  rail  from  the 
tie. 

249.  Screws  and  bolts.  The  use  of  these  abroad  is  very  ex- 
tensive, but  their  use  in  this  country  has  not  passed  the  experi- 
mental stage.     The  screws  are  "wood'' -screws  (^sfc^  ^'\^.  ViS^^ 
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having  large  square  heads,  which  are  screwed  down  with  a  track- 
wrench.  Holes,  having  the  same  diameter  as  the  base  of  the 
screw-heads,  should  be  first  bored  into  the  tie,  at  exactly  the 
right  position  and  at  the  proper  angle  with  the  vertical-  A 
light  wooden  frame  is  sometimes  used  to  guide  the  auger  at  the 
proper  angle.  Sometimes  the  large  head  of  the  screw  bears 
directly  against  the  base  of  the  rail,  as  with  the  ordinary  spike. 
Other  designs  employ  a  plate,  made  to  fit  the  rail  on  one  side, 
bearing  on  the  tie  on  the  other  side,  and  through  which  the  screw 
passes.  These  scre\vs  cost  much  more  than  the  spikes  and  re- 
quire more  work  to  put  in  place,  but  their  holding  power  is  much 
greater  and  the  work  of  track  maintenance  is  very  much  less. 
Screw-bolts,  passing  entirely  through  the  tie,  having  the  head 
at  the  bottom  of  the  tie  and  the  nut  on  the  upper  side,  are  also 
used  abroad.  These  are  quite  difficult  to  replace,  requiring  that 
the  ballast  be  dug  out  beneath  the  tie,  but  on  the  other  hand  the 
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occasions  for  replacing  such  a  bolt  are  comparatively  rare,  as 
their  durability  is  very  great.  The  use  of  screws  or  bolts  in- 
creases the  life  of  the  tie  ])y  the  avoidance  of  "  spike-killing."  It 
is  capable  of  demonstration  that  the  reduced  cost  of  mainte- 
nance and  the  resulting  improvement  in  track  would  much  more 
than  repay  the  added  cost  of  screws  and  bolts,  but  it  seems  im- 
possible to  induce  railroad  director^'to  authorize  a  large  and 
immediate  additional  expenditure  to  make  an  annual  saving 
whose  value,  although  unquestionably  considerable,  cannot  be 
exactly  computed. 
2SO,  "Wooden  spikes."  Among  the  regulations  for  track- 
Isiying given  in  §  208,   nicntiou  was  madvi  ot  wooden  "  spikes/' 
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or  plugs,  which  are  used  to  fill  up  the  holes  when  spikes  are 
withdrawn.  The  value  of  the  poHcy  of  filling  up  these  holes  is 
unquestionable,  since  the  expense  is  insignificant  compared  with 
the  loss  due  to  the  quick  and  certain  decay  of  the  tie  if  these 
holes  are  allowed  to  fill  with  water  and  remain  so.  But  the 
method  of  making  these  plugs  is  variable.  On  some  roads  they 
are  "  hand-made*'  by  the  trackmen  out  of  otherwise  use- 
less scraps  of  lumber,  the  work  being  done  at  odd  mo- 
ments. This  policy,  while  apparently  cheap,  is  not 
necessarily  so,  for  the  hand-made  plugs  are  irregular 
in  size  and  therefore  more  or  less  inefficient.  It  is 
also  quite  probable  that  if  the  trackmen  are  required  to 
make  their  own  plugs,  they  would  spend  time  on  these 
very  cheap  articles  which  could  be  more  profitably  em- 
ployed otherwise.  Since  the  holes  made  by  the  spikes 
are  larger  at  the  top  than  they  are  near  the  bottom,  the 
plugs  should  not  be  of  uniform  cross-section  but  should 
be  slightly  wedge-shaped.  The  "Goldie  tie-plug" 
(see  Fig.  127)  has  been  designed  to  fill  these  require- 
ments. Being  machine-made,  the}'  are  uniform  in 
size;  they  are  of  a  shape  which  will  best  fit  the  hole; 
they  can  be  furnished  of  any  desired  wood,  and  at  a 
cost  which  makes  it  a  wasteful  economy  to  attempt  „  -^j 
to  cut  them  by  hand. 


TRACK-BOLTS   AND   NUT- LOCKS. 

251.  Essential  requirements.  The  track-bolts  must  have 
sufficient  strength  and  must  be  screwed  up  tight  enough  to  hold 
the  angle-plates  against  the  rail  with  suflficient  force  to  develop 
the  full  transverse  strength  of  the  angle-bars.  On  the  other 
hand  the  bolts  should  not  be  screwed  so  tight  that  slipping  may 
not  take  place  when  the  rail  expands  or  contracts  with  tempera- 
ture. It  would  be  impossible  to  screw  the  bolts  tight  enough  to 
prevent  slipping  during  the  contraction  due  to  a  considerable  fall 
of  temperature  on  a  straight  track,  but  when  the  track  is  curved, 
or  when  expansion  takes  place,  it  is  conceivable  that  the  resist- 
ance of  the  ties  in  the  ballast  to  lateral  motion  may  be  less  than 
the  resistance  at  the  joint.  A  test  to  determine  this  resistance 
was  made  by  Mr.  A.  Torrey,  chief  engineer  of  the  Mich.  Cent. 
R.  R.,  using  80-lb.  rails  and  ordinary  angle-bars,  the  bcAl's*  Virassj^ 
screwed  up  as  usual.     If  required  a  iorcG  ol  abowX*  *^V^^^  '^'^ 
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35000  lbs.  to  start  the  joint,  which  would  be  equivalent  to  the 
stress  induced  by  a  change  of  temperature  of  about  22°.  But 
if  the  central  angle  of  any  given  curve  is  small,  a  comparatively 
small  lateral  component  will  be  sufficient  to  resist  a  compression 
of  even  35000  lbs.  in  the  rails.  Therefore  there  will  ordinarily 
be  no  trouble  about  ha\ing  the  joints  screwed  too  tight.  The 
vibration  caused  by  the  passage  of  a  train  reduces  the  resistance 
to  slipping.  This  vibration  also  facilitates  an  objectionable 
feature,  viz.,  loosening  of  the  nuts  of  the  track-bolts.  The  bolt 
is  readily  prevented  from  turning  by  giving  it  a  form  which  is 
not  circular  immediately  under  the  head  and  making  corre- 
sponding holes  in  the  angle-plate.  Square  holes  would  answer 
the  purpose,  except  that  the  square  corners  in  the  holes  in  the 
angle-plates  would  increase  the  danger  of  fracture  of  the  plates. 
Therefore  the  holes  (and  also  the  bolts,  under  the  head)  are 
made  of  an  oval  form,  or  perhaps  a  square  form  with  rounded 
comers,  avoiding  angles  in  the  outline. 

The  nut-locks  should  be  simple  and  cheap,  should  have  a  life 
at  least  as  long  as  the  bolt,  should  be  effective,  and  should  not 
lose  their  effectiveness  with  age.  Many  of  the  designs  that  have 
been  tried  have  been  failures  in  one  or  more  of  these  particulars 
as  will  be  described  in  detail  below. 

252.  Design  of  track-bolts.  In  Fig.  128  is  shown  a  common 
design  of  track-bolt.     In  its  general  form  this  represents  the 

bolt  used  on  nearly  all  roads, 
being  used  not  only  with  the 
common  angle-plates,  but  also 
with  many  of  the  improved  de- 
signs of  rail- joints.  The  varia- 
tions are  chiefly  a  general  in- 
crease in  size  to  correspKjnd  with 
the  increased  weight  of  rails, 
besides  variations  in  detail  dU 
mensions  which  are  frequently 
unimportant.  The  diameter  is 
usually  !"  to  J";  1"  bolts  are 
sometimes  used  for  the  heaviest 
sections  of  rails.  As  to  length, 
the  bolt  should  not  extend  more 
than  i"  outside  of  the  nut  when 
//  is  screwed  ^p,    If  it  extends  f  ailhcr  than  this  it  is  liable  to  be 
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broken  off  by  a  possible  derailment  at  that  point.  The  lengths 
used  vary  from  3|",  which  may  be  used  with  60-lb.  rails,  to  5", 
which  is  required  with  100-lb.  rails.  The  length  required  de- 
pends somewhat  on  the  type  of  nut-lock  used. 

253.  Design  of  nut-locks.  The  designs  for  nut-locks  may  be 
divided  into  three  classes:  (a)  those  depending  entirely  on  an 
elastic  washer  which  absorbs  the  vibration  which  might  other- 
wise induce  turning;  (6)  those  which  jam  the  threads  of  the 
bolt  and  nut  so  that,  when  screwed  up,  the  frictional  resistance 
is  too  great  to  be  overcome  by  vibration;  (c)  the  "positive" 
nut-locks — those  which  mechanically  hold  the  nut  from  turning. 
Some  of  the  designs  combine  these  principles  to  some  extent. 
The  "vulcanized  fiber"  nut-lock  is  an  example  of  the  first  class. 
It  consists  essentially  of  a  rubber  washer  which  is  protected  by 
an  iron  ring.  When  first  placed  this  lock  is  effective,  but  the 
rubber  soon  hardens  and  loses  its  elasticity  and  it  is  then  ineffec- 
tive and  worthless.  Another  illustration  of  class  (a)  is  the  use 
of  wooden  blocks,  generally  1"  to  2"  oak,  which  extend  the 
entire  length  of  the  angle-bar,  a  single  piece  forming  the  washer 
for  the  four  or  six  bolts  of  a  joint.  This  form  is  cheap,  but  the 
wood  soon  shrinks,  loses  its  elasticity,  or  decays  so  that  it  soon 
becomes  worthless,  and  it  requires  constant  adjustment  to  keep 
it  in  even  tolerable  condition.  The  "Verona"  nut-lock  is 
another  illustration  of  class  (a)  which  also  combines  some  of  the 
positive  elements  of  class  (c).  It  is  made  of  tempered  steel  and, 
as  shown  in  Fig.  129,  is  warped  and  has  sharp  edges  or  points. 
The  warped  form  furnishes  the  element  of  elastic  pressure  when 
the  nut  is  screwed  up.  The  steel  being  harder  than  the  iron  of 
the  angle-bar  or  of  the  nut,  it  bites  into  them,  owing  to  the 
great  pressure  that  must  exist  when  the  washer  is  squeezed 
nearly  flat,  and  thus  prevents  any  backward  movement,  although 
forward  movement  (or  tightening  the  bolt)  is  not  interfered 
with.  The  "  National"  nut-lock  is  a  type  of  the  second  class  (&), 
in  which,  like  the  "  Harvey"  nut-lock,  the  nut  and  lock  are  com- 
bined in  one  piece.  With  six-bolt  angle-bars  and  30-foot  rails, 
this  means  a  saving  of  2112  pieces  on  each  mile  of  single  track. 
The  "National"  nuts  are  open  on  one  side.  The  hole  is  drilled 
and  the  thread  is  cut  slightly  smaller  than  the  bolt,  so  that  when 
the  nut  is  screwed  up  it  is  forced  slightly  open  and  therefore 
presses  on  the  threads  of  the  bolt  with  such  force  that  vibration 
cannot  jar  it  loose.     Unlike  the  "  NaUoivaX"  ivvvX ,  V\\& ''  "^^axN^-vj  -''^ 
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nut  is  solid,  but  the  form  of  the  thread  is  progressively  varied  so 
that  the  thread  pinches  the  thread  of  the  bolt  and  the  frictional 
resistance  to  turning  is  too  great  to  be  affected  by  vibration. 

The  "Jones"  nut-lock,  belonging  to  class  (c),  is  a  type  of  a 
nut-lock  that  does  not  depend  on  elasticity  or  jamming  of  screw- 
threads.     It  is  made  of  a  thin  flexible  plate,  the  square  part  of 
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Fig.  129. — Types  op  Nut-locks. 

which  is  so  large  that  it  will  not  turn  after  being  placed  on  the 
bolt.  After  the  nut  is  screwed  up,  the  thin  plate  is  bent  over  so 
that  the  re-entrant  angle  of  the  plate  engages  the  corner  of  the 
nut  and  thus  mechanically  prevents  any  turning.  The  metal 
is  supposed  to  be  sufTiciently  tough  to  endure  without  fracture 
as  many  bondings  of  the  plate  as  will  ever  be  desired.  Nut- 
locks  of  class  (c)  are  not  in  conunon  use. 


CHAPTER  XI. 

SWITCHES  AND  CROSSINGS. 
SWITCH   CONSTRUCTION. 

254.  Essential  elements  of  a  switch.  Flanges  of  some  sort  are 
a  necessity  to  prevent  car-wheels  from  running  off  from  the  rails 
on  which  they  may  be  moving.  But  the  flanges,  although  a 
necessity,  are  also  a  source  of  complication  in  that  they  require 
some  special  mechanism  which  will,  when  desired,  guide  the 
wheels  out  from  the  controlling  influence  of  the  main-line  rails. 
This  must  either  be  done  by  raising  the  wheels  high  enough 
so  that  the  flanges  may  pass  over  the  rails,  or  by  breaking  the 
continuity  of  the  rails  in  such  a  wa}'^  that  channels  or  "flange 
spaces''  are  formed  through  the  rails.  An  ordinary  stub-switch 
breaks  the  continuity  of  the  main-line  rails  in  three  places,  two 
of  them  at  the  switch-block  and  one  at  the  frog.  The  Wharton 
switch  avoids  two  of  these  breaks  by  so  placing  inclined  planes 
that  the  wheels,  rolling  on  their  flanges,  will  surmount  these 
inclines  until  they  are  a  little  higher  than  the  rails.  Then  the 
wheels  on  the  side  toward  which  the  switch  runs  are  guided 
over  and  across  the  main  rail  on  that  side  This  rise  being  ac- 
complished in  a  short  distance,  it  becomes  impracticable  to 
operate  these  switches  except  at  slow  speeds,  as  any  sudden 
change  in  the  path  of  the  center  of  gravity  of  a  car  causes  very 
destructive  jars  both  to  the  switch  and  to  the  rolling  stock.  The 
other  general  method  makes  a  break  in  one  main  rail  (or  both) 
at  the  switch-block.  In  both  methods  the  wheels  are  led  to  one 
side  by  means  of 'the  "lead  rails,"  and  finally  one  line  of  wheels 
passes  through  the  main  rail  on  that  side  by  means  of  a  "frog." 
There  are  some  designs  by  which  even  this  break  in  the  main 
rail  is  avoided,  the  wheels  being  led  over  the  main  rail  by  means 
of  a  short  movable  rail  which  is  on  occasion  placed  across  the 
main  rail,  but  such  designs  have  not  come  into  general  use. 

255.  Frogs.  Frogs  are  provided  with  two  channel-ways  or 
"  flange  spaces"  through  which  the  flanges  of  the  wheels  laaM^. 
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Each  channel  cuts  out  a  parallelogram  from  the  tread  area. 
Since  the  wheel-tread  is  always  wider  than  the  rail,  the  wing 
rails  will  support  the  wheel  not  only  across  the  space  cut  out  by 
the  channel,  but  also  until  the  tread  has  passed  the  point  of  the 
frog  and  can  obtain  a  broad  area  of  contact  on  the  tongue  of  the 
frog.     This  is  the  theoretical  idea,  but  it  is  very  imperfectly 


Fig.  130. — Diagrammatic  Design  op  Frog. 


realized.  The  wing  rails  are  sometimes  subjected  to  excessive 
wear  owing  to  "hollow  treads"  on  the  wheels — owing  also  to 
the  frog  being  so  flexible  that  the  point  "ducks''  when  the  wheel 
approaches  it.  On  the  other  hand  the  sharp  point  of  the  frog 
will  sometimes  cause  destructive  wear  on  the  tread  of  the  wheel. 
Therefore  the  tongue  of  the  frog  is  not  carried  out  to  the  sharp 
theoretical  point,  but  is  purposely  somewhat  blunted.  But 
the  break  which  these  channels  make  in  the  continuity  of  the 
tread  area  becomes  extremely  objectionable  at  high  speeds, 
being  mutually  destructive  to  the  rolling  stock  and  to  the  frog. 
The  jarring  has  been  materially  reduced  by  the  device  of  "  spring 
frogs" — to  be  described  later.  Frogs  were  originally  made  of 
cast  iron — then  of  cast  iron  with  wearing  parts  of  cast  steel, 
which  were  fitted  into  suitable  notches  in  the  cast  iron.  This 
form  proved  extremely  heavy  and  devoid  of  that  elasticity  of 
track  which  is  necessary  for  the  safety  of  rolling  stock  and 
track  at  high  speeds.  The  present  universal  practice  is  to  build 
the  frog  up  of  pieces  of  rails  which  are  cut  or  bent  as  required. 
These  pieces  of  rails  (at  least  four)  are  sometimes  assembled  by 
riveting  them  to  a  flat  plate,  but  this  method  is  now  but  little 
used,  except  for  very  light  work.  The  usual  practice  is  now 
chiefly  divided  between  "bolted"  and  "keyed"  frogs.  In  each 
C0se  the  space  between  the  rails,  except  a  sufficient  flange-way, 
is  Med  with  a  cast-iron  filler  and  tVie  ^\ic>\^  «^«evjibla^e  of  parts 
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realized.  The  wing  rails  are  sometimes  subjected  to  excessive 
wear  owing  to  "hollow  treads"  on  the  wheels — owing  also  to 
the  frog  being  so  flexible  that  the  point  "ducks"  when  the  wheel 
approaches  it.  On  the  other  hand  the  sharp  point  of  the  frog 
will  sometimes  cause  destructive  wear  on  the  tread  of  the  wheel. 
Therefore  the  tongue  of  the  frog  is  not  carried  out  to  the  sharp 
theoretical  point,  but  is  purposely  somewhat  blunted.  But 
the  break  which  these  channels  make  in  the  continuity  of  the 
tread  area  becomes  extremely  objectionable  at  high  speeds, 
being  mutually  destructive  to  the  rolling  stock  and  to  the  frog. 
The  jarring  has  been  materially  reduced  by  the  device  of  "  spring 
frogs" — to  be  described  later.  Frogs  were  originally  made  of 
cast  iron — then  of  cast  iron  with  wearing  parts  of  cast  steel, 
which  were  fitted  into  suitable  notches  in  the  cast  iron.  This 
form  proved  extremely  heavy  and  devoid  of  that  elasticity  of 
track  which  is  necessary  for  the  safety  of  rolling  stock  and 
track  at  high  speeds.  The  present  universal  practice  is  to  build 
the  frog  up  of  pieces  of  rails  which  are  cut  or  bent  as  required. 
These  pieces  of  rails  (at  least  four)  are  sometimes  assembled  by 
riveting  them  to  a  flat  plate,  but  this  method  is  now  but  little 
used,  except  for  very  light  work.  The  usual  practice  is  now 
chiefly  divided  between  "bolted"  and  "keyed"  frogs.  In  each 
C8se  the  space  between  the  rails,  except  a  sufficient  flange-way, 
is  Glled  vdth  a  cast-iron  filler  and  the  whole  assemblage  of  parts 
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is  suitably  bolted  or  clamped  together,  as  is  illustrated  in  Plate 
VIII.  The  operation  of  a  spring-rail  frog  is  evident  from  the 
figure.  Since  a  siding  is  usually  operated  at  slow  speed,  while 
the  main  track  may  be  operated  at  fast  speed,  a  spring-rail  frog 
Avill  be  so  set  that  the  tread  is  continuous  for  the  main  track  and 
broken  for  the  siding.  This  also  means  that  the  spring-rail  will 
only  be  moved  by  trains  moving  at  a  (presumably)  slow  speed 
on  to  the  siding.  For  the  fast  trains  on  the  main  line  such  a 
frog  is  substantially  a  "fixed'*  frog  and  has  a  tread  which  is 
practically  continuous. 

256.  To  find  the  frog  number.  The  frog  number  (n)  equa,ls 
the  ratio  of  the  distance  of  any  part  on  the  tongue  of  the  frog 
from  the  theoretical  point  of  the  frog  divided  by  the  width  of 
the  tongue  at  that  point,  i.e.  =hc-^ah  (Fig.  130).  This  value 
may  be  directly  measured  by  applying  any  convenient  unit  of 
measure  (even  a  knife,  a  short  pencil,  etc.)  to  some  point  of  the 
tongue  where  the  width  just  equals  the  unit  of  measure,  and  then 
noting  how  many  times  the  unit  of  measure  is  contained  in  the 
distance  from  that  place  to  the  theoretical  point.  But  since  c, 
the  theoretical  point,  is  not  so  readily  determinable  with  exacti- 
tude, it  being  the  imaginary  intersection  of  the  gauge  lines,  it 
may  be  more  accurate  to  measure  de,  ah,  and  hs ;  then  n,  the  frog 
number,  =}is-r-  {ah  -f  de) .     If  the  frog  angle  be  called  F,  then 

n=hc-^ah=hs-^{ah+de)=^  cot  JF; 
i.e.,  cot  \F=2n, 

257.  Stub  switches.  The  use  of  these,  although  once  nearly 
universal,  has  been  practically  abandoned  as  turnouts  from 
main  track  except  for  the  poorest  and  cheapest  roads.  In  some 
States  their  use  on  main  track  is  prohibited  by  law.  They  have 
the  sole  merit  of  cheapness  with  adaptabiHty  to  the  circum- 
stances of  very  light  traffic  operated  at  slow  speed  when  a  con- 
siderable element  of  danger  may  be  tolerated  for  the  sake  of 
economy.    The  rails  from  A  to  B  (see  Fig.  131  *)  are  not  fastened 

♦The  student  should  at  once  appreciate  that  in  Fig.  131,  as  well  as  iu 
nearly  all  the  remaining  figures  in  this  chapter,  it  becomes  necessary  to  use 
excessively  large  frog  angles,  short  radii,  and  a  very  wide  gauge  in  order  to 
illustrate  the  desired  principles  ^nth  figures  which  are  sufficiently  small  for 
the  page.  In  fact,  the  proportions  used  in  the  (vKutfea  blt%  «v\c>cv "Oas^^.  <afexvakx«w 
mechanicfll  difRoidtiea  would  be  encountered  \l  iY\ey  viexe  w^fc^K.    '^Vft,'?«  ^>^:- 

ficulties  are  here  ignored  because  they  caix  be  iie|&\eQ\eOk.  Va.  ^^^«^  v^q^^^'^*=«>'^ 

used  w  prf^iee. 


268 


HAILHOAD   CONSTRUCTION. 


§257. 


to  the  ties;  they  are  fastx^ned  to  each  other  by  tie-rods  which 
keep  them  at  the  proper  gauge;  at  and  back  of  B  they  are 


Fig.  131. — Stub  Switch. 

securely  spiked  to  the  ties,  and  at  A  they  are  kept  in  place  by 
the  connecting  bar  (C)  fastened  to  the  switch-stand.  One  great 
objection  to  the  switch  is  that,  in  its  usual  form,  w^hen  operated 
as  a  trailing  switch,  a  derailment  is  inevitable  if  the  switch  is 
misplaced.  The  very  least  damage  resulting  from  such  a  derail- 
ment must  include  the  bending  or  ]>reaking  of  the  tie-rods  of  the 
switch-rail.  Several  devices  have  been  invented  to  obviate  this 
objection,  some  of  which  succeed  very  well  mechanically,  al- 
though their  added  cost  precludes  any  economy  in  the  total  cost 
of  the  switch.  Another  objection  to  the  switch  is  the  looseness 
of  construction  w^hich  makes  the  switches  ol^jectionable  at  high 
speeds.  The  gap  of  the  rails  at  the  head-block  is  always  con- 
siderable, and  is  sometimes  as  much  as  two  inches.     A  driving- 


Fio.  132. — Point  Switch. 


wheel  with  a  load  of  12000  to  20000  pounds,  jumping  this  gap 
with  any  considerable  velocity,  will  do  inmiense  damage  to  the 
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farther  rail  end,  besides  producing  such  a  stress  in  the  cbnstruc- 
tion  that  a  breakage  is  rendered  quite  likely,  and  such  a  breakage 
might  have  very  serious  consequences. 

258.  Point  switches.  The  essential  principle  of  a  point  switch 
is  illustrated  in  Fig.  132.  As  is  shown,  one  main  rail  and  also 
one  of  the  switch-rails  is  unbroken  and  immovable.  The  other 
main  rail  (from  A  to  F)  and  the  corresponding  portion  of  the 
other  lead  rail  are  substantially  the  same  as  in  a  stub  switch. 
A  portion  of  the  main  rail  (AB)  and  an  equal  length  of  the  oppo- 
site lead  rail  (usually  15  to  24  feet  long)  are  fastened  together 
by  tie-rods.  The  end  at  A  is  jointed  as  usual  and  the  other  end 
is  pointed,  both  sides  being  trimmed  down  so  that  the  feather 
edge  at  B  includes  the  web  of  the  rail.  In  order  to  retain  in  it 
as  much  strength  as  possible,  the  point-rail 
is  raised  so  that  it  rests  on  the  base  of  the  r 
stock-rail,  one  side  of  the  base  of  the , 
point-rail  being  entirely  cut  away.  As; 
may  be  seen  in  Fig.  133,  although  the  in- 
fluence of  the  point  of  the  rail  in  moving 
the  wheel-flange  away  from  the  stock-rail 
is  really  zero  at  that  point,  j^et  the  rail  has 
all  the  strength  of  the  web  and  about  one- 
half  that  of  the  base — a  very  fair  angle- 
iron.  The  planing  runs  back  in  straight 
lines,  until  at  about  six  or  seven  feet  back 
from  the  point  the  full  width  of  the  head  is 

obtained.     The  full  width  of  the  base  will  only  be  obtained  at 

about  13  feet  from  the  point.     An  80-lb.  rail  is  5  inches  wide  at 

the  base.     Allowing  |"  more  for  a  spike  between  the  rails,  this 

gives  5 J"  as  the  minimum  width  between  rail  centers  at  the 

joint.     The  minimum  angle  of  the  switch-point  (using  a  15-foot 

5  75 
point-rail)   is  therefore  the  angle  whose     tangent  is        '        = 

.03914,  which  is  the  tangent  of  1°  50'.  Switch-rails  are  some- 
times used  with  a  length  of  24  feet,  which  reduces  the  angle  of 
the  switch-point  to  1°  09'. 

259.  Switch-stands.  The  simplest  and  cheapest  form  is  the 
"ground  lever,"  which  has  no  target.  The  radius  of  the  circle 
described  by  the  connecting-rod  pin  is  precisely  one-half  the 
throw.     From  the  nature  of  the  motion  the  dev\^^  Ss  Y^^t^AR,■52!^^5 


270 


RAILROAD   CONSTRUCTION. 


§J 


self-locking  in  either  position,  padlocks  being  only  used  to 
vent  malicious  tampering.     The  numerous  designs  of  upr 
stands  are  always  combined  with  targets,  one  design  of  whi< 


FiQ.  134. — Ground  Lbvbb  for  Throwing 
A  Switch. 


Pia.  136. 


illustrated  in  Fig.  135.  When  the  road  is  equipped  with  in 
lockinsj  signals,  the  switch-throw  mechanism  forms  a  part  of 
design 

260.  Tie-rods.  These  are  fastened  to  the  webs  of  the  rails 
means  of  lugs  which  are  bolted  on,  there  being  usually  a  Wd 
jomt  between  the  rod  q-nd  the    hig.     Foi;r    such    tie-rofb 
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generally  necessary.  The  first  rod  is  sometimes  made  with- 
out hinges,  which  gives  additional  stiffness  to  the  comparatively 
weak  rail-points.  The  old-fashioned  tie-rod,  having  jaws 
fitting  the  base  of  the  rail,  was  almost  universally  used  in  the 
days  of  stub  switches.  One  great  inconvenience  in  their  use 
lies  in  the  fact  that  they  must  be  slipped  on,  one  by  one,  over 
the  free  ends  of  the  switch-rails.  Sometimes  the  lugs  are 
fastened  to  the  rail-webs  by  rivets  instead  of  bolts. 
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261.  Guard-raUs.  As  shown  in  Figs.  131  and  132,  giiard-rails 
arc  used  c^n  l)oth  the  main  nnd  switch  tracks  opposite  tVvfe  iTCi%- 
point.     Their  11  met  ion  is  not  only  to  pre\'fei\t  tVie  \)Qe^^'^^'^  ^ 
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the  wheel-flanges  passing  on  the  wrong  aide  of  the  frog-point, 
but  also  to  save  the  side  of  the  frog-tongue  from  exceasive  wear. 
The  necessity  for  their  use  may  be  realized  by  noting  the  apparent 
wear  usually  found  on  the  side  of  the  head  of  the  guard-rail. 
The  flange- way  space  between  the  heads  of  the  guard-rail  and 
wheel-rail  therefore  becomes  a  definite  quantity  and  should  equal 
about  two  inches.  Since  this  is  less  than  the  space  between 
the  heads  of  ordinary  (say  80-pourid)  rails  when  placed  base  to 
base,  to  say  nothing  of  the  J"  necessary  for  spikes,  it  becomes 
necessary  to  cut  the  flange  of  the  guard-rail.  The  length  of  the 
rail  is  made  from  10  to  15  feet,  the  ends  being  bent  as  shown 
in  Fig.  182,  so  as  to  prevent  the  possibility  of  the  end  of  the 
rail  being  struck  by  a  wheel-flange. 


MATHEMATICAL    DESIGN    OF    SWITCHES. 

In  all  of  the  following  demonstrations  regarding  switches, 
turnouts,  and  crossovers,  the  lines  are  assumed  to  represent  the 
gauge-lines — i.e.,  the  lines  of  the  inside  of  the  head  of  the  rails. 
262.  Design  with   circular  lead-rails.     The  simplest  method 
is  to  consider  that  the  lead-rails 
curve  out  from  the  main  track- 
rails  by  arcs  of  circles  which  are 
tangent    to    the    main    rails    and 
which  extend  to  the  frog-point  F, 
The  simple  curve  from  D  to  jP  is 
of  such  radius  that  (r  4-  \g)  vers  F 
=g,  in  which  i^=the  frog  angle, 
^=gauge,   Z/=the   "lead"    (i?F), 
and  r  =  the  radius  of  the  center  of 
the  switch-rails. 
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r  +  i(/  = 


vers  F' 


Also, 
Also, 


BF-^BD=cotiF;    BD=g;    BF=L. 
.-.    L=g  cot  iF 

L  =  ir  +  ig)smF;       .     .     , 
QT=2rsmiF 


(74) 

(75) 
(76) 
(77) 


These  formuliP  involve  the  angle  F.     As  shown  in  Table  III, 

/A/?  angles  (F)  are  always  odd  quantities,  aivdt\ve\T  txX^cv^oxQKfcdc 

functions  are  soniewliat    trou\>lesome  to   obt-aim  oVo^^-^j  ^^ 
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ordinary  tables.  The  formulje  may  be  simplified  by  substitut- 
ing the  frog-number  n,  from  the  relation  that  n=iicotiF. 
Since 

^~i9  =-^  co<^  ^    aJ^d    'f'  +  iG  =L  cosec  F, 

then  r  -a  iL  (cot  F  +  cosec  J^ 

=\g  cot  iF(cot  F+ cosec  F) 

^^g  cot^  iF,     since  (cot  a  +  cosec  a)  =cot  io. 

i'-^gn' (78) 

Also,  L=2grn, (79) 

from  which   r=nXL (80) 

These  extremely  simple  relations  may  obviate  altogether  the 
necessity  for  tables,  since  they  involve  only  the  frog-number  and 
the  gauge.  On  account  of  the  great  simplicity  of  these  rules, 
they  are  frequently  used  as  they  are,  regardless  of  the  fact  that 
the  curve  is  never  a  uniform  simple  curve  from  switch-block  to 
frog.  In  the  first  place  there  is  a  considerable  length  of  the 
gauge-line  within  the  frog,  which  is  straight  unless  it  is  pur- 
posely curved  to  the  proper  curve  while  being  manufactured, 
which  is  seldom  if  ever  done — except  for  the  very  large-angled 
frogs  used  for  street-railway  work,  etc.  It  is  also  doubtful  whether 
the  switch-rails  {BA,  Fig.  181)  are  bent  to  the  computed  curve 
when  the  rails  are  set  for  the  switch.  The  switch-rails  of  point 
switches  arf»  straight,  thus  introducing  a  stretch  of  straight  track 
which  is  about  one-fifth  of  the  total  length  of  the  lead-rails.  The 
effect  of  these  modifications  on  the  length  and  radius  of  the  lead- 
rails  will  be  developed  and  discussed  in  the  next  four  sections. 

The  throw  (t)  of  a  stub  switch  depends  on  the  weight  of  the 
rail,  or  rather  on  the  width  of  its  base.  The  throw  must  be  at 
least  }"  more  than  that  width.  The  head-block  should  there- 
fore be  placed  at  such  a  distance  from  the  heel  of  the  switch  (B) 
that  the  versed  sine  of  the  arc  equals  the  throw.  These  points 
mtist  be  opposite  on  the  two  rails,  but  the  points  on  the  two  rails 
where  these  relations  are  exactly  true  will  not  be  opposite. 
Therefore,  instead  of  considering  either  of  the  two  radii  (r  +  ig) 
and  (r— igf),  the  mean  radius  r  is  used.     Then  (see  Fig.  137) 

vers  KOQ=t^r, 

and  the  length  of  the  switch-rails  is 

<?/i:=rsinKOQ ^^ 


/ 
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These  relations  develop  another  disadvantage  in  the  use  of  a 
stub  switch.  The  required  value  of  BGy  using  a  No.  10  frog 
and  80-pound  rail,  is  30.1  feet — slightly  more  than  a  full  rail 
length.  It  would  be  unsafe  to  leave  so  much  of  the  track  un- 
spiked  from  the  ties.  Whether  this  is  obviated  by  spiking  down 
a  portion  of  the  switch-rails  (virtually  shortening  the  lead)  or  by 
moving  the  switch-block  nearer  the  heel  of  the  switch  (shorten- 
ing the  switch-rails),  but  still  maintaining  the  req\n*red  throw, 
the  theoretical  accuracy  of  the  curve  is  hopelessly  lost. 
263.  Effect  of  straight  frog-rails.  A  portion  of  the  ends  of 
the  rails  of  a  frog  are  free  and  may 
be  bent  to  conform  to  the  switch- 
rail  curve,  but  there  is  a  consid- 
erable portion  which  is  fitted  to 
the  ca,st-iron  filler,  and  this  por- 
tion is  always  straight.  Call  the 
length  of  this  straight  portion 
back  from  the  frog-point  /  (  ^^FH, 
Fig.  138).  Then  we  have 
r^-\g  =  {g-f  sin  F)  -^YeTB  F 

^—^-fcotiF 
vers  F    ' 


g 


versF 

BF=L  =  (g-f  sin  F)  cot  iF+f  cos  F 
=2gn—f  sin  F  cot  ^F+f  cos  F 
=2gn-f(\  +COS  F)  +/  cos  F 
=2gn-f 


-2/n. 


(82) 


(83) 


Since  r— isr=(L-/  sec  F)  cot  F,  and 
r  + J^=(L— /  cos  F)  cosec  F, 
r— JL(cot -F+ cosec  F)—\f  sec  F  cot  F—^j  cos  F  cosec F 

T  =  lM-\f  cot  ^F 

'=Ln-fn.     Then  from  (83) 
r-=2gn^'-2fn 


...     (84) 

^d^  Effect  of  straight   point-rails.     TYve  "\)om\.  «m\.<^M»;» 
now  so  generally  used,  have  straight  8w\tii\i-TaV\s.   TVvvs  x^o^san 
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an  angle  in  the  alignment  rather  than  turning  off  by  a  tangential 
curve.  The  angle  is,  however,  very  small  (between  1°  and  2°), 
and  the  disadvantages  of  this  angle  are  small  compared  with 
the  very  great  advantages  of  the  device. 


^^^^sini(i^  +  a)' 


r+iSf  = 


FM 


2  sin  K^ -a) 
g-'k 


"2  sin  h{F-{-a)  sin  ^{F-a) 
g-k 


cos  a— cosi^* 


(85) 


BF^L^FM  cos  h(F  +  a)+DN 

^(g-k)  cot  KF+a)+DN.  . 


(86) 


265.  Combined  effect  of  straight  frog-rails  and  straight  point- 
rails.     It  becomes  necessary  in  this  case  to  find  a  curve  which 
shall  be  tangent  to  both  the  point-ra\Y  aivd  Wv^  Vto%-x«i\.    '\>DRi 
curve  therefore  begins  at  M,  its  tangent  itvakvrv^  asx  «w^^  ^  '^'^ 
(usn»Uy  1"  6O0  with  the  main  rail,  and  TWTva  to  H .    ^V^  ^^^x^ 
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angle  of  the  curve  is  therefore  (F^a),    The  angle  of  the  chord 
HM  with  the  main  rails  is  therefore 


^^_§--/sinF-fc. 


sinKi^  +  a) 


^+^9-0^ 


HM 


2  8ini(F-a) 
g^f  8m  F—k 

""  2  sin  i(F  +  a)  sin  i(F-a) 

^9—[smF—k^ 
cos  a— COB  F  * 


(87) 


ST  =^2r  sin  i(F -a) (88) 

BF=:L==HM  cos  i(F  +  a)  +f  cos  F+DN 

=  (g-f  sin  F^k)  cot  i(F-{-a)  +f  cos  F+DN.  .     .  (89) 

It  may  be  more  simple,  if  (r  +  ig)  has  already  been  computed, 
to  write 

L=2ir+ig)  sin  i(F-a)  cos  i(F  +  a) +f  cos  F+DN 
={r  +  ig)(wii  F -sin  a) +f  cos  F+DN (90) 


^r.t:-;^- 


Fig.  140. 


a66.  Comparison  of  the  above  methods.    Computing  values 
for  r  aud  L  by  the  various  methods,  on  the  imiform  basis  of  a 
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No.  9  frog,  standard  gauge  4'  B¥%  /*^3'.37,  ife-.5|"-0'.479, 
DN=15'  0",  and  a«=l°  50',  we  may  tabulate  the  comparatiye 
results: 


§262. 
Simple  circle. 
Curved  frog- 
rail.  Curved 
switch-rail. 


§263. 

Straight 

frog-rail. 

Curved 

switch-rail. 


S264. 
Curved  frog- 
rail.    Straight 
switch-rail. 


§265. 

Straightf 

frog-rail. 

Straight 

switch-rail. 


Deg.  of  curve 
L 


762.75 
7°  31' 
84.75 


702.00 

8°  icy 

81.37 


747.48 
7°40' 
74.00 


681.16 
8*>26' 
72.13 


This  shows  that  the  effect  of  using  straight  frog-rails  and 
straight  switch-rails  is  to  sharpen  the  curve  and  shorten  the  lead 
in  each  case  separately,  and  that  the  combined  effect  is  still 
greater.  The  effect  of  the  straight  switch-rails  is  especially 
marked  in  reducing  the  length  of  lead,  and  therefore  Eq.  78  to 
80,  although  having  the  advantage  of  extreme  simplicity,  can- 
not be  used  for  point-switches  without  material  error.  The 
effect  of  the  straight  frog-rail  is  less,  and  since  it  can  be  mate- 
rially reduced  by  bending  the  free  end  of  the  frog-rails,  the  in- 
fluence of  this  feature  is  frequently  ignored,  the  frog-rails  are 
assumed  to  be  curved,  and  Eq.  85  and  86  are  used.  (See  §  276 
for  a  fiu'ther  discussion  of  this  point.) 

2&f.  Dimensions  for  a  turnout  from  the  OUTBR  side  of  a  curved 


track.     In  this  demonstration  the  switch-rails  will  be  considered 
as  uniformly  circular  from  the  switch-points  to  the  frog-point. 
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In  the  triangle  FCD  (Fig.  141)  we  have 
{FC  +  CD)  :iFC -CD) y.taji  ^{FDC+DFC)  itanUFDC-DFC); 
but  i(FDC+DFC)=90''-id 

and  HFDC  -  DFC)  =  iF. 

Also,  FC  +  CD=2R    and    FC-CD^g; 

.',    2R  :g  :-coti^  :  tan  ii?" 
::  cot  iF  :  tan  }^; 

/.     tani^  =  ^ (91) 

Also,  OF  :  FC  ::  sin  0  :  sin  0;        but     ^=(F-e); 

then  r  +  ig=(R  +  ig)^^^^ (92) 

BF=L=2(R  +  ig)  sin  id (93) 

Tf  the  curvature  of  the  main  track  is  very  sharp  or  the  frog 
angle  unusually  small,  F  may  be  less  than  0 ;  in  which  case  the 
center  0  will  be  on  the  same  side  of  the  main  track  as  C,  Eq. 
92  will  become  (by  calling  r=  —r  and  changing  the  signs) 

(r-i<;)=(«  +  i^)^>;.!^ (94) 

If  we  call  d  the  degree  of  curve  corresponding  to  the  radius 
r,  and  D  the  degree  of  curve  corresponding  to  the  radius  R,  also 
d'  the  degree  of  curve  of  a  turnout  from  a  straight  track  (the  frog 
angle  F  being  the  same),  it  may  be  shown  that  d=d'  —D  (very 
nearly).  To  illustrate  we  will  take  three  cases,  a  number  6 
irog  (very  blunt),  a  number  9  frog  (very  commonly  used),  and  a 
number  12  frog  (unusually  sharp).  Suppose  D=4°  0';  also 
Z)  =  10°  0';  ^=4'  8i"=4'.708. 

A  brief  study  of  the  tabular  form  on  p.  279  will  show  that  the 
error  involved  in  the  use  of  the  approximate  rule  for  ordinary 
curves  (4°  or  less)  and  for  the  usual  frogs  (about  No.  9)  is  really 
insignificant,  and  that,  even  for  sharper  curves  (10°  or  more), 
or  for  very  blunt  frogs,  the  error  would  never  cause  damage, 
considering  the  lower  probable  speed.  In  the  most  imfavorable 
ease  noted  above  the  change  in  radius  is  about  1  %.  On  account 
of  the  closeness  of  the  approximat\oTv  t\ve  ixvoWvod  \^  \T^c^««ttfclY 
used.     The  remarkable  agreement  o5  tVic  com^wVvi^  m«\\m»  ^l  1. 
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Frog 

D  =  4°. 

••L"  for 
straight 
track. 

num- 
ber. 

d 

d'-D 

Error. 

L 

6 

9 

12 

12° 
3 
0 

54' 
30 
13 

20" 

27 

33 

12°   57'    62" 
3     31     04 
0     13     36 

0°   03'    32" 
0       0     37 
0       0     03 

56.57 

84.85 

112.72 

56.50 
84.75 
113.00 

Frog 

1>-10°. 

••L"for 
straight 
track. 

num- 
ber. 

d 

d'-D 

Error. 

L 

6 

9 

12 

6° 
2 
5 

53' 
27 

44 

24" 

54 

26 

6°  57'    52" 
2     28     56 
5     46     24 

0°  04'    28" 
0     01     02 
0     01     58 

56.66 

84.86 

112.91 

66.60 

84.75 

113.00 

with  the  corresponding  values  for  a  straight  main  track  (the  lead 
rails  circular  throughout)  shows  that  the  error  is  insignificant  in 
using  the  more  easily  computed  values. 

268.  Dimensions  for  a  ttimout  from  the  IITNBR  side  of  a  curved 
track.  (Lead  rails  circular  throughout.)  From  Fig.  142  we 
have,  from  the  triangle  DFC, 


DF+FC:DF-FC  ::  tan  i(DFC+FDC) :  tan  i(DFC~FDC) ; 
but  HDFC+FDC)  =90°-J^ 

and  i(DFC-FDO=iF; 

.'.    2R  :  g  : :  cot  i^  :  tan  iF 
•.•cotiFtaii^O-, 


tani(?— ^. 


V5SS% 
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Fiom  OFC, 

OF'.FC  \:^md:{F+e). 

(r+J.,)-(«     \9\^^^%y    .     . 

.    .    (96) 

L=BF=2{R-\g)am1ie.      . 

.    .    (97) 

As  in  §  267,  it  may  be  readily  shown  that  the  degree  of  the 
turnout  (d)  is  nearly  the  sum  of  the  degree  of  the  main  track  (Z)) 
and  the  degree  {d')  of  a  turnout  from  a  straight  track  when  the 
frog  angle  is  the  same.  The  discrepancy  in  this  case  is  some- 
what greater  than  in  the  other,  especially  when  the  curvature 
of  the  main  track  is  sharp.  If  the  frog  angle  is  also  large,  the 
curvature  of  the  turnout  is  excessively  sharp.  If  the  frog  angle 
is  very  small,  the  liability  to  derailment  is  great.  Turnouts  to 
the  inside  of  a  curved  track  should  therefore  be  avoided,  unless 
the  curvature  of  the  main  track  is  small. 

269.  Double  turnout  from  a  straight  track.  In  Fig.  143  the 
frogs  Fi  and  Fr  are  generally  made  equal.    Then,  if  there  are 


uniform  curves  from  B'  to  Fi  and  from  B  to  Fr,  the  required 
value  of  Fm  is  obtained  from 


versii^m  = 


2{T  +  \gy 


(98) 


r  being  found  from  Eq.  78,  in  which  n  is  the  frog  number  of  Ft 

OT  Fr. 

MFm=r  tan  iFm; 


but  since  Um  =i  cot  iFm, 


r 
'2nm* 


w^ 
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Since  vers  Fi=j—,i~t, 

vers  iFm  =  i  vers  F/ (100) 

Also,  since  (CiFm)'=(MFm)'  +  (CiM)2,  we  have 


Simplifying  and  substituting,  r=2gn^,  we  have 

Dropping  the  J,  which  is  always  insignificant  in  comparison  with 
2n^,  we  have 

nm  =-^=nX.707(approx.) (101) 

Frogs  are  usually  made  with  angles  corresponding  to  integral 
values  of  n,  or  sometimes  in  "half"  sizes,  e.g.  6,  6i,  7,  7 J,  etc. 
If  No.  8J  frogs  are  used  for  Fi  and  Fr,  the  exact  frog  number 
for  Fm  is  6.01.  This  is  so  nearly  6  that  a  No.  6  frog  may  be  used 
without  sensible  inaccuracy.  Numbers  7  and  10  are  a  less 
perfect  combination.  If  sharp  frogs  must  be  used,  8i  and  12 
form  a  very  good  combination. 

If  it  becomes  necessary  to  use  other  frogs  because  the  right 
combination  is  unobtainable,  it  may  bo  done  by  compounding 
the  curve  at  the  middle  frog.  Fi  and  Fr  should  be  greater 
than  iFm.  If  equal  to  i^m,  the  rails  would  be  straight  from 
the  middle  frog  to  the  outer  frogs.     In  Fig.  144,  ^i=i^/— i-Fm. 

Drawing  the  chord  FiFm, 

KFrFm=Fi-'iO,=Fi-iFi  +  iF,n='i{Fi  +  iFm); 

KFrr 


^'^"^'^^^W^FZ'  2  sin  i(Fi  +  iFmy    '     '     ^^^^^ 
KFi=KFm  cot  KFiFm=ig  cot  i(Ft  +  iFm);    .    (103) 

^"^^  "^  ^^^     2  sin  id    4  sin  i(Fi  +  hF^)  sm  \(J*  x-V?  ^t;^ 

^g V^^fi^ 

"cos  JFm— cosFi 
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If  three  frogs,  all  different,  mttst  be  usled,  the  largest  may  be 
selected  as  Fm ;  the  radius  of  the  lead  rails  may  be  found  by  an 
inversion  of  Eq.  98;  Fm,  may  be  located  in  the  center  of  the 
tracks  by  Eq.  99;  then  each  of  the  smaller  frogs  may  be  located 


Fig.  144. 

by  separate  applications  of  Eq.  1  )2  or  103,  the  radius   being 
determined  by  Eq.  104. 

270.  Two  turnouts  on  the  same  side.  In  Fig.  145,  let  Oj 
bisect  O2D.  Then  (n  +  i<^)  =  4(^2  +  iS') ;  also,  Ofit=OiFi  and 
Fr=Fi. 


(105) 


BFm^ir'  +  ig)  sin  Fm (106) 

It  may  readily  be  shown  that  the  relative  values  of  Fr,  Fi,  and 
Fm  are  almost  identical  with  those  given  in  §  269;  as  may  be 


Oi 


\^ 

f" 

\ 

^x<^    v 

^ 

^ 

Oi 

B 

FiQ.  145. 


apparent  when  it  is  considered  that  the  middle  smtclv  may  be 
r^arded  simply  as  a  curved  main  track,  and  t\ia.t,  ^  d^N^or^ 


271. 


SWITCHES*  AND   CROSSINGS. 


283 


in  §  267,  the  dimensions  of  turnouts  are  nearly  the  same  whether 
the  main  track  is  straight  or  slightly  curved. 

271.  Connecting  curve  from  a  straight  track.  The  ''con- 
necting curve"  is  the  track 
lying  between  the  frog  and 
the  side  track  where  it  be- 
comes parallel  to  the  main 
track  (FS  in  Fig.  146  or  147). 
Call  d  the  distance  between 
track  centers.  The  angle 
FOJi=^F  (see  Fig.  146). 
Call  r'  the  radius  of  the  con- 
necting curve.     Then 

^  rf-f  . 

"versF* 


if-hg)- 


.    (107) 
FR={r'-\g)s\nF, 


Fio.  146. 


(108) 


If  it  is  considci'ed  that  the  distance  FR  consumes  too  much 
track  room  it  may  be  shortened  by  the  method  indicated  in 
Fig.  151. 

272.  Connecting  curve  from  a  curved  track  to  the  OUTSIDE. 
When  the  main  track  is  curved,  the  required  quantities  are  the 


radius  r  of  the  connecting  curve  from  F  to  S,  T\^.  \^ ,  ^tA>X^ 
length  or  central  angle.     In  the  triangle  CSF 
CS-h CF:  CS-CF::  tan  i(CF/S  \ CSF)  \  Un  \^C  F & -C^V^N 
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but  ^(CFS+CSF)  ^90 -iip;  and,   since  the  triangle  O^SF  in 
isosceles,  iiCFS-CSF^^iF; 

/.    2R+d:d-g::coi  ^rAan  JF 
:!cot  iF:tan  J^; 

•••  t-i^=Tfe? c^««) 

From  the  triangle  CO^F  we  may  derive 

r  —  ig:R  +  ig::sm  <p'sin(F+(/f); 

Also  FS=2(r-ig)8mi(F  +  ^) (Ill) 

273.  Connecting  curve  from  a  curved  track  to  the  mdlDBr 


Fia.  148. 

As  above,  it  may  readily  be  deduced  from  the  triangle  CFS  (see 
Fig.  148)  that 

(2R-d):(d^g)::cot  i((>:t&niF, 
and  finally  that 

*-*^=Xl^ ("2) 

Similarly  we  may  derive  (as  in  Eq.  110) 

(r-ii7)=(«-i!/),i>^^- (113) 
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Also 


FS^2(r-ig)8mi(F-<P). 


(114) 


Two  other  cases  are  possible, 
becomes  infinite  (see  Fig.  149), 
then   F=(lf.     In  such  a  case 
we  may  w^rite,  by  substitut- 
ing in  Eq.  112, 

2R-d^4n\d-g),  .  (115) 

This  equation  shows  the  value 
of  R,  which  renders  this  case 
possible  with  the  given  values 
of  n,  d,  and  g.  (h)  </t  may  be 
greater  than  F.  As  before 
(see  Fig.  150) 

2R-d:d-g'.:cot  }^:tan}i?^; 

2n(d-g) 


(a)  r  may  increase  until  it 


tan  §v^=— 


2R-d 


the  same  as  Eq.  112,  but 


Fia.  149. 


r+ig=(R-ig) 


sin  (/f 
sin  {(/f—F)' 


(116) 


Fio.  150. 


Problem.     To  find  the  dimensions  of  a  coiMv^eWxi"^  cvscv^  tvsg.- 
ninar  to  the  inside  of  a  curved  main  track;  xuxEoX^et  ^  ito^,  A?  "^^^ 
curve,  d^l3',  g=4'  8y\ 
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Solution, 
Eq.  112. 


d-13.000 

0^   4.708 

(d-g)=   8.292 


fl- 1273.6 
2«-2547.2 
2«-d-2534.2 
log(2i2-d)-3.40384 

Eq.  116.  B- 1273.6 

i(7=        2.35 

(R-^g)  -  1271.25 

(♦  _  i?)  .  1373" ,  log  =  3 .  13767 

4.68557 

log  sin  (*-F)  =  7.82324 


Eq.  114. 
i(*-F)«686."6  . 


.2.83664 

4.68557 

-7.62221 


log  2n- 1.2552? 

log(d-^)»    .91866 

co-log  (2JB~d)»6. 59616 

log  tan  ^* 


(♦- 


■8.77009 

io  22'  14" 

♦  -6°  44' 28" 

F-6°21'35" 

F)-»0°22'53' 


/og(i2-i^)-3.10423 

log  sin  ^  —  9.069^9 

co-log  sin  (♦  - F) ■» 2. 17676 

(r+ia)-22418.0.  .4.3506^ 

r- 22415. 6 

d^O^  15' 

2... 0.30103 

(r-i(7)  =  22413.3. .  .4.35060 

sinK^-F)...7.6222r 

F.?- 149. 19. 2.17375 


274.  Crossover   between    two  parallel  straight  tracks.     (See 

Fig.  151.)  The  turnouts 
are  as  usual.  The  cross- 
over track  may  be  straight, 
as  shown  by  the  full  lines, 
or  it  may  be  a  reversed 
curve,  as  shown  by  the 
dotted  lines.  The  reversed 
curve  shortens  the  total 
length  of  track  required, 
but  is  somewhat  objection- 
able. The  first  method  re- 
quires that  both  frogs  must 
be  equal.  The  second 
method  permits  unequal 
^°-  ^^^-  frogs,  although  equal  frogs 

are  preferable.     The  length  of  straight  crossover  track  is  F^T. 


0. 

fv 

p^— 



^^. 

'    N  ' 

\ 

Jf 

7 

-N 

'■s 

'S 

/ 

/ 

'<rf^^ 

Y 

Si 

D 

0. 

FiT  sin  Fi+g  cos  F,  ^d-g; 


^'^-Ifr^'^^'''^ 


WTk 
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The  total  distance  along  the  track  mp-y  be  derived  as  follows: 
XY  =  {d-g)  cot  Fu        XF^^g-^^nFi) 


9 


.'.   DV=2DF,  +  id-g)cotF,^^^.  .   . 

sin  r  2 

If  a  reversed  curve  with  equal  frogs  is  used,  we  have 


also 


vers  ^=x-J 


DQ=2rsin^ 


(118) 

(119) 
(120) 


Fio.  152. 

If  the  frogs  are  unequal,  we  will  have  (see  Fig.  152) 
r2  vers  O+Vi  vers  0=^d; 

d 


vers  6^- 


(121) 


ri+r,'    •     •     •    •    • 

also  the  distance  along  the  track 

5^=(rj+r,)sin^ (122^ 

Problem,    A  crossover  is  to  be  placed  betvjefexi  \,^o  ^«t\5^^ 
gtraight  tracks,  12'  2f'  between  centers,  uaa»g  a^Q.  ^  «S3A^^^-^ 
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frog,  and  with  a  reversed  curve  between  the  frogs.  Required 
the  total  distance  between  switch-points  (the  distance  B^N  in 
Fig.  152). 

Solution,  If  straight  point  rails  iand  straight  frog  rails  are 
used,  the  radii,  r^  and  rj,  taken  from  the  middle  section  of  Table 
III,  are  527.91  and  G81.1G. 


Eq.  122. 

n  =  527.91 
r2  ^  681.16 
r,+r2=  1209.07 

Eq.  122. 


vers  ©  — 
d=12'  2"  «12.16, 


e  =  9P  08'  06" 


i?g.V=171.09 


n+r, 

log  -1.08517 
log  fri+ra)- 3^08245 
log  vers  g^'S. 00272 

logCri+rz)  =3.08245 
log  sin  »  '=9.15077 
log  171.09=2.23325 


The  length  of  the  curve  from  B^,  =  lOO{0^d)  =  100(8°  08'  06" -^ 
8°  250  =  96.65.     The  length  of  the  other  curve  is  100(8°  08'  06'  -^ 


Fig.  153. 


20<> S20  ^^74,86.      A3  a  cheek,  96.^5-V74.%^«n\.^\,  ^\oa\iSt 
slightly  in  excess  of  171.09,  as  it  sbouidbe* 
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275.  Crossover  between  two  parallel  curved  tracks,  (a)  Using 
a  straight  connecting  curve.  This  solution  has  limitations.  If 
one  frog  (Fj)  is  chosen,  F^  becomes  determined,  being  a  function 
of  Fy^,  If  F^  is  less  than  some  limit,  depending  on  the  width  (d) 
between  the  parallel  tracks,  this  solution  becomes  impossible. 
In  Fig.  153  assume  F^  as  known.  Then  FJI=g  sec  F^,  In  the 
triangle  HOF2  we  have 

sin  HFP :  sin  F2HO  y.HO'.Ffi] 
sin  F2HO  =cos  F,;    HFjD  =^{f-\-Fn) 
.-.    Bin  HF^O =cos  F2. 
HO=R-\-\d-\g-g  secF,;     F20=R-\d-\-\g] 


-,  ^  R  +  id—iig—gsec  Ft 


(123) 


Knowing  Fj,  0^  is  determinable  from  Eq.  91.  Fig.  153  shows 
the  case  where  O2  is  greater  than  F2.  Fig.  154  shows  the  case 
where  it  is  less.     The  demonstration  of  Eq.  123  is  applicable  to 


Fig.  154. 

l«^th  figures  The  relative  position  of  the  frogs  F^  and  Fj  may 
be  determined  as  follows,  the  solution  being  applicable  to  both 
Figs.  153  and  154: 

//OF2  =  180*'-(90°-Fi)  -(90°+F2)  =F^-F2. 
Then 

GFi=2(72  +  id-i(7)8ini(Fi-F,) (124) 

Since  F,  comes  out  any  angle,  its  vaVae  vjVW  tvo\i  \i^.  \^  ^^tn^x-s^. 
that  of  an  even  frog  number,  and  it  >NWi  tYvex^loxe  xv^^^  VoN^^ 
made  to  order. 
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(b)  Continuing  the  switch-rail  curves  tintil  they  meet  as  a 
reversed  curve.  In  this  case  F^  and  Fy  may  be  chosen  at  pleasure 
(within  limitations),  and  they  will  of  course  l)e  of  regular  sizes 
and  equal  or  unequal  as  desired.  Fi  and  F,  being  kno^ini,  ^j 
and  O2  are  computed  by  Eq.  95  and  91.  In  the  triangle  00  fi^ 
(see  Fig.  155) 

vers  V  {00^){00,) 

in  which  S  =  K^^i + OO2  +  Ofl^)  \ 

but  OOi=72  +  id-ri, 

002=R-\d-r2, 

.-.     R  =  \{2R  +  2r2)=R+r2] 
S-002  =  R+r2-R  +  id-r2  =  id; 
S-00^=R+r2-R-id+r^=r,-{-r2-id; 


vers  ^  = 


Fig.  155. 
djri-hr^-jd) 


(/2-id  +  r2)(ie  +  id-ri)' 


'    ^r^r,        '     ,00i       .      ,R  +  id-r^ 
OgO^D^^-hOfijO) 


(125) 
(126) 


§  275.  SWITCHES  AND   CROSSINGS.  2Q1 

Although  the  above  method  introduces  a  reversed  curve,  yet 
it  uses  up  less  track  than  the  first  method  and  permits  the  use  of 
ordinary  frogs  rather  than  those  having  some  special  angle  wliich 
must  be  made  to  order. 

Problem.  Required  the  dimensions  of  a  crossover  on  a  4°  30' 
curve  when  the  distance  between  track  centers  is  13  feet.  The 
frog  for  the  outer  main  track  {F^  in  Fig.  155)  is  No.  9;  Fg  is  No.  7. 
Then  J?  =  1273.6;  R^,  for  the  inner  main  track,  =1280.1;  Z)i  = 
4°  29';  7^2  =  1267.1;  i>2=4°31';  ri=radius  for  (di  +  7)i)°  curve  = 
radius  for  (8°  25' +  4°  29')  curve=445.09;  r2  =  radius  for  (dj-jDj)** 
curve  =radius  for  (14°  27'-4°  31')  curve  =577.53.  (Se«  §§  267- 
268.) 

Eq.  125.  d=13;  log=  1.11394 

r,+r2-id=1016.12; 


JB-id+r2=  1844.63 
R  +  H-n^   835.01 


Iog=3.0069l 
log  =  3. 26586;  co-log =6. 73414 

log  =  2 .  92 169 ;  co-log = 7.07831 

»  =  7°  30^  35'^  log  vers  ^  =  7.93334 


Eq.  126.  log  sin  *  =  9 . 1 1626 

log  (/2  +  id-ri)  =  2. 92169 

n+rz- 1022.62;  log-3. 00971;  co-log  =  6 .  9902g 

OO2Oi=6°07^  34^^;  sin  OOoOi  =  9 .  02825 

Eq.  127.  0^^D  =  7°  30'  35"  +  6°  07'  34"  =  13<>  38'  09" 

72  20 
Lead  from  switch  point  No.  1  up  to  Fi=72.20;^i=^r^d', 

where  df   corresponds  to  the  radius   {R  +  id  —  ^g)   or   1277.75; 
d'=4°29';  e,=Z°  14'. 

Lead  from  switch  point  No.  2  up  to  7^2=61.65;   ^2=-nbr^"> 

where  d"  corresponds  to  the  radius  {R  —  ^d  +  l^g)   or  1269.45; 

d"=4°  31';  ^2=2°  47'. 

Eq.  128.  2;  log  =0.30103 

i^-id  +  i^  =  1269.45;  log=3.1036r 

i(^- ^1-^2)  =0*^44' 48";  log  sin  =8. 11497 

A^F2=33.08.  log  33 .  08  =  1 .  51961 

13°  38'  09" 
Length  of  curve  with  radius  r^  =  IOO-'y^oHtt—  =  105 .  70; 

6°  07'  34" 


Total  length  of  curve  between  swilcVi  pomXi^^^^T  "^  • 
As  a  check,  the  sum  of  the  two  Zeods  and  NF^  ^c\vx«^^  V^'^/i^^ 
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61.65+33.08)  =166.93,  which  is  a  little  less  than  the  length  of 
the  curve,  as  it  should  be. 

Note  that  the  point  of  reversed  curve  is  placed  .02'(— i'O 
beyond  the  frog  point  Fj.  If  the  computations  had  apparently 
indicated  the  point  of  reversed  curve  coming  between  the  frog 
point  and  the  switch  point,  it  would  have  shown  the  impracti- 
cability of  the  combination  of  No  7  and  No.  9  frogs  with  this 
particular  degree  of  curve,  gauge  of  track,  and  distance  between 
track  centers.  If  both  frogs  were  made  No  9,  the  total  length 
of  track  between  srvitch  points  would  be  increased  to  over  188 
feet  and  the  point  of  reversed  curve  would  be  nearly  at  the  middle 
point.  This  shows  that  the  frog  numbers  should  be  nearly  equal; 
but  also  shows  that  there  is  some  choice  **  within  limitations  " 

276.  Practical  rules  for  switch-lapng.  A  consideration  of 
the  previous  sections  will  show  that  the  formula  are  compara- 
tively simple  when  the  lead  rails  are  assumed  as  circular;  that 
they  become  complicated,  even  for  turnouts  from  a  straight 
main  track,  v/hen  the  effect  of  straight  frog  and  point  rails  is 
allowed  for,  and  that  they  become  hopelessly  complicated  when 
allowing  for  this  effect  on  turnouts  from  a  curved  main  track. 
It  is  also  shown  (§  267)  that  the  length  of  the  lead  is  practically 


I 

L 


VHMR-VS<F-ai 


Fro.  140. 


the  same  whether  the  main  track  is  straight  or  is  curved  with 

suc/i  curves  as  are  commonly  used,  and  t\vi\,\,  tW  dc^xo^^^  oC  curve 

0/  the  lead  rails  from  a  curved  main  ^.xajtV  xasj^  \>^  lowxv^  ^«ViJsi 
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close  approximation  by  mere  addition  or  subtraction  From 
this  it  may  be  assumed  that  if  the  length  of  lead  (/.)  and  the 
radius  of  the  lead  rails  (r)  are  computed  from  Eq  87  and  90  for 
various  frog  angles,  the  same  leads  may  be  used  for  curved  main 
track-  also,  that  the  degree  of  curve  of  the  lead  rails  may  be 
found  by  addition  or  subtraction,  as  indicated  in  §  267,  and  that 
the  approximations  involved  will  not  be  of  practical  detriment 
In  accordance  with  this  plan  Table  III  has  been  computed  from 
Eq.  87^  88,  and  90  The  leads  there  given  may  be  used  for  all 
main  tracks,  straight  or  curved.  The  table  gives  the  degree  of 
curve  of  the  lead  rails  for  straight  main  track;  for  a  turnout  to 
the  inside,  add  the  degree  of  curve  of  the  main  track;  for  a  turn- 
out to  the  outside f  subtract  it. 

If  the  position  of  the  switch-block  is  definitely  determined, 
then  the  rails  must  be  cut  accordingly;  but  when  some  freedom 
is  allowable  (which  never  need  exceed  15  feet  and  may  require 
but  a  few  inches),  one  rail-cutting  may  be  avoided.     Mark  on 
the  rails  at  B,  F,  and  D  (see  Fig.  140) ;  measure  off 
the  length  of  the  switch-rails  DN;  offset  igA-k  from 
N  for  the  point  S,     The  point  H  may  be  located 
(temporarily)  by  measuring  along  the  rail  a  distance 
FH(=f)   and    then    swinging   out  a   distance    ol 
f-7-n  {n  being  the  frog  number).      HT=ig  and  is 
measured  at  right  angles  to  FH.     Points  for  track 
centers  between  S  and  T  may  bo  laid  off  by  a  transit 
or  by  the  use  of  a  siring  and  tape.     Substituting  in 
Eq.  31  the  value  of  R  and  of  chord  (  =*ST),  we  may 
compute.  x(=db).      Locate    the    middle    point    d 
and  the  quarter  points  a"  and  c".     Then  «"a  and 
c^'c  each  equal  three-fourths  of  db.     Theoretically 
this  gives  a  parabola  rather  than  a  circle,  but  the 
difference  for  all  practical  cases  is  too  small  for  measurement. 

Example,  Given  a  main  track  on  a  4°  curve;  a  turnout  to 
the  outside,  using  a  number  9  frog;  gauge  4'  8i";  /  =  3'.37; 
A;  =5}";  Z)iSr  =  15'  0"  and  a  =  l°  60'.  Then  for  a  straight  track 
r  would  equal  631,16  [d^9°  05'J.  For  this  curved  track  d  will 
be  nearly  (9*»  05' -4°)  =5°  05',  or  r  will  be  1131.2.  L  for  the 
straight  track  would  be  72.20;  but  since  the  lead  is  slv^Vv^k^ 
increased  (see  §  267)  when  the  turnout  is  on  Wve^  owV^v^'fc  ^"^  ^ 
c\u^e,  L  may  here  be  called  72.5.  FH«|«^'3n*,  \-vt\.— 
3.37-h9=0\375=^4'\5,     H,  T,  and  iS  may  be  \o^«u\fc^  ^  ^^ 


fio.    i^G- 
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scribed  above.  ST  may  be  measured  on  the  ground,  or  it  may 
be  computed  from  Eq.  88,  giving  the  value  of  53.80  feet  for 
straight  track.  Since  it  is  slightly  more  for  a  turnout  to  the 
outside  of    a    curve,  it  may  be    called  54.0.     Then    a;=d6  = 

^-^^^_=0.322  foot,  and  aa''  and  cc"=0.24  foot. 

CROSSINGS. 

277.  Two  straight  tracks.     When  two  stra^'ght  tracks  cross 
each  other,  four  frogs  are  necessary,  the  angles  of  two  of  them 


beins^  supplementary  to  the  ans^Ves  o^  t\\ei  ot\v&T,    ^\sM!fc  wm&l 
orossinga  are  sometimes  operated  at  \v\g\i  speeds,  ^;Jcve^  ^csvi5A\sR 
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very  strongly  constructed,  and  the  angles  should  preferably  be 
90®  or  as  near  that  as  possible.  The  frogs  will  not  in  general 
be  " stock'*  frogs  of  an  even  number,  especially  if  the  angles  are 
large,  but  must  be  made  to  order  with  the  required  angles  as 
measured.  In  Fig.  157  are  shown  the  details  of  such  a  crossing. 
Note  the  fillers,  bolts,  and  guard-rails. 

278.  One  straight  and  one  curved  track.  Structurally  the 
crossing  is  about  the  same  as  above, 
but  the  frog  angles  are  all  unequal. 
In  Fig.  158,  R  is  known,  and  the 
angle  Af,  made  by  the  center  lines 
of  the  tracks  at  their  point  of  inter- 
section, is  also  known. 

M^NCM.    NC =R  cos  M. 
(R-ig)cosF,^NC  +  ig; 

...  cosF,=^^^^4±i£. 
R-ig 

Similarly 

R  cos  M  +  jg 

R+hg~' 

R  cos  M  —  \g 


COSF2 


cos  F^  = 


R-^hg 


„     R  cos  M  — 

*        R-ig 


i9 


(129) 


(130) 


Fig.  158. 

F,F,^(R  +  ig)  sin  F,-{R-ig)  sin  F,)  ) 
^F,  =  (i^-isf)(sini^,-sinFi).  f   * 

279.  Two  curved  tracks.  The  four  frogs  are  unequal,  and 
the  angle  of  each  must  bo  computed.  The  radii  R^  and  R2  are 
known;  also  the  angle  M,  rj,  r2,  rj,  and  r^  are  therefore  known 
by  adding  or  subtracting  ^g,  but  the  lines  are  so  indicated  for 
brevity.  Call  the  angle  MCiCz^Ci,  the  angle  MCzCi^Cij  and 
the  line  CiCj^c.    Then 

J(Ci  +  C2)  =90°-iAf 
and 


tan  i(^r 


-C,)=cotiil/g^-|l. 


(131) 


Ci  and  Ca  then  become  known  and 

^  sin  M 
^sinCi* 


c=C,C,'- 


v^.-i^ 
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In  the  triangle  Ffifii,  caJl  Kc+ri+rJ-*!,-  «i-i(c+r,+r4); 


Fig.  159. 


S3  =  J(c+ri+rj,);  and  s^  =  \(,c-\-r2-\-r^.     Then,    by    formula    29, 
Table  XXX, 


Similarly 


vers 

F, 

2(S2- 

zT.) 

vers 

F, 

=2(^3: 

iril(:V 

-r-:) 

(133) 


v.^B'     2(s.-r,)(s,-r3} 
vers  /*  i  = — • 

siiiCiC2F4=sini^4-; 

sin  Ci 02^2=  sin  F2--; 

sini^iCiC2=sini^i^; 
sinFoCi(7,=sin>'2^, 


(134) 


^^3^^ 


/H>/w  w'/fic/z  the  chords  F^F^  and  F2F4  ate  xevv-OWv  eom^wX^^, 
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JP1JP2  and  F2F4  are  nearly  equal.  When  the  tracks  are  straight 
and  the  gauges  equal,  the  quadrilateral  is  equilateral. 

Problem.  Required  the  frog  angles  and  dimensions  for  a  cross- 
ing of  two  curves  (Z)i=4°;  1)2=  3°)  when  the  angle  of  their  tan- 
gents at  the  point  of  intersection  =62*^  28'  (the  angle  M  in 
Fig.  159). 

SoliUion 

22i  =  1432.7;  ;22  =  1910.1; 
ri  =i?2  +  ig  =  1910. 1+2.35  =  1912.45; 
Ti  =i2,-if7  =  1910.1-2.35  =  19C7.75; 
n  =i?i  +  Js'  =  1432. 7+2. 35  =  1435. 05; 
r,  =i?,-i^  =  1432. 7-2. 35  =  1430. 35. 

Eq.  131.  log  cot  JM  =0.21723 

J?2-/2i=477.4;  log  =2.67888 

ij^+i^j  =3342.8;  log=3. 52411;  co-log  =6.47589 
i(C,-C2)  =13°  15'  07";  tan  13°  15'  07"=9. 37200 
i(C,  +  C,)  =58°  46'        [KC1  +  C2)  =90°-iiJf] 


Ci  =72°  or  07" 
C2=45°30'53" 


Eq.  132. 


log  sin  Ci=9 


c  =  C.C2  =  1780.7; 

Eq.  133. 
c=17S0.7 
ri  =  1912.45 
r4=1430.35 


log  i?2  =3. 28105 

log  sin  71/ =9. 94779 

,97825;  co-log  =0.02175 

logCiC2=3.25059 


_2|5123.50 

»i  =2561.75 

»i-ri=-   649.30 

»i-r4=1131.40 


c=1780.7 
r2=  1907.75 
r4=1430.35 


_2|5118.80 

52  =  2559.40 

«2-r2=  651.65 

-r4  =  1129.05 


c=1780.7 

ri  =  1912.45 

r3=  1435.05 

_2|5128.20 

»3  =  2564.10 

-r,=.   651.65 

-r3=1129.05 


c- 1780.7 

r2=  1907.76 

r3=  1435.05 

_2|5123.50 

«4  =  2561.75 

«4-r2=-  654.00 

84 -r3==  1126.70 


ri  =  1912.45;  log  =  3. 28159; 
r4- 1430. 35;  log  =  3. 15544; 
Fi~62°  2y  ?.V'; 


r2- 1907.75;     ]og = 3 .  2S052-, 
rt^  1430. 35;    7o^=3. 15544; 
^^'-62^33'  55'': 


log  2  =  0.30103 

(aj  _,.,);    log  649 .  30  =  2 .  81244 

(si-n);  log  1131.40-3.06361 

co-log-6. 71841 

co-log  =  6.84456 

log  vers  62°  25'_3ir  =  9^ 73006 

log  2  =  0.30103 

(82-  ra) ;     log  651 .  65  =  2 .  81401 
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ri-1912.45;  log-3. 28159; 
1^-1435.05;  log-3. 15686; 


r2-1907.75;  1ok  =  3. 28052; 
fj,- 1435.05;  log -3. 15686; 
F4  =  62°  30^  14^^; 


r^ 


log  2-0.30103 

(»3-ri);     log  661.66-2.81401 

(«3-r3);  log  1129.05-3.05271 

co-log— 6.71841 

co-log-6. 84.313 

log  vera  62^  2 r  67^^-9.72930 

log  2-0.30103 

(«4-r2);     log  664.00-2.81668 

(»4-r3);  log  1126.70-3.06181 

co-log-6. 71948 

co-log— 6.84313 

log  vers  62*  30^  14*^-9.73103 


As  a  check,  the  mean  of  the  frog  angles  -  62*»  27'  64  ',  which  is  within  6"  of 
the  value  of  M, 


Eq.  134. 

C1C2F4-460  37'  61" 


log  c-3. 26069; 


C,C2F2-46*  28'  17"; 
£^C^-46*»  37'  61 


-45«  28'  17" -0*09'  34". 


log  sin  F4 

logfB 

co-log  c 

sin  C1C2F4 

log  sin  F2 

logr4 

co-log  c 

sin  C1C3F2 


-9.04794 
3.15686 
6.74940 

-9.85421 


-9.94818 

-3.15644 

6.74940 

-9.86303 


log  2 
logrj 

i(0°  09'  34" )  -  0«  04'  47" ;    log  sin  - 


F:?F4-5.309; 
Eq.  135. 

FiC,C3-72«»  10'  22"8 


-0.30108 

-3.28062 

4.68557 

2.46788 

log  FaFj- 0.72600 

sin  Fi 

logrj 

co-log  c 

sin  FiCiCa 


9.94768 

3.28159 

-6.74940 

-9.97863 


F2C1C2-710  67'  38" 
FiCiF2-72°  10'  22" 


-71*»  67'  38" -0°  ir  44". 


sin  F2 
logrz 
co-log  c 
sin  F2CiC2-9.97811 


9.94818 

3.28052 

=  6.74940 


log  2 
logr4 

*(0*»  1 2'  44" )  -  0°  06'  22" ;     log  sin 


-0.30103 
-3.16644 
/'4. 68667 
2.68206 


jbA 


FiF«-5.298;  logFiFa- 0.72411 

Ass  check,  FjF^  and  F^F^  axe  very  nearVy  ecvwaV,  as\^Ye^  i^<cs\M 


CHAPTER    XII. 

MISCELLANEOUS  STRUCTURES  AND  BUILDINGS. 

WATER-STATIONS   AND    WATER-SUPPLY. 

280.  Location.  The  water-tank  on  the  tender  of  a  locomo- 
tive has  a  capacity  of  from  2500  to  5000  gallons — sometimes  less, 
rarely  very  much  more.  The  consumption  of  water  is  very  vari- 
able, and  will  correspond  very  closely  with  the  work  done  by 
the  engine.  On  a  long  down  grade  it  is  very  small;  on  a  ruling 
grade  going  up  it  may  amount  to  150  gallons  per  mile  in  ex- 
ceptional cases,  although  60  to  100  gallons  would  be  a  more  usual 
figure.  Nominally  a  locomotive  could  run  40  miles  or  more  on 
one  tankful,  but  it  would  be  impracticable  to  separate  the  water- 
stations  by  such  an  interval.  On  roads  of  the  smallest  traffic, 
15  to  20  miles  should  be  the  maximum  interval  between  stations; 
10  miles  is  a  more  common  interval  on  heavy  traffic-roads.  But 
these  intervals  are  varied  according  to  circumstances.  In  the 
early  history  of  some  of  the  Pacific  railroads  it  was  necessary  to 
attach  one  or  more  tank-cars  to  each  train  in  order  to  maintain 
the  supply  for  the  engine  over  stretches  of  100  miles  and  over 
where  there  was  no  water.  Since  then  water-stations  have  been 
obtained  at  great  expense  by  boring  artesian  wells.  The  indi- 
vidual locations  depend  largely  on  the  facility  with  which  a  suffi- 
cient supply  of  suitable  water  may  be  obtained.  Streams  inter- 
secting the  railroad  are  sometimes  utilized,  but  if  such  a  stream 
passes  through  a  limestone  region  the  water  is  apt  to  be  too  hard 
for  use  in  the  boilers.  More  frequently  wells  are  dug  or  bored. 
When  the  local  supply  at  some  determined  point  is  unsuitable, 
and  yet  it  is  necessary  to  locate  a  water-station  there,  it  may 
be  found  justifiable  to  pipe  the  water  several  miles.  The  con- 
struction of  municipal  water-works  at  suitable  places  along  the 
line  has  led  to  the  frequent  utilization  of  such  supplies.  In  such 
cases  the  railroad  is  generally  the  largest  single  consumer  and 
obtains  the  most  favorable  rates.  When  poa?\^A^,^^V^T-^\aiCx<2Pc^ 
are  located  ^t  regular  stopping  points  and  a\,  d\Nmow  \,erKi?i»a.. 
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281.  Required  qualities  of  water.  Chemically  pure  water  is 
unknown  except  as  a  laboratory  product.  The  water  supplied 
by  wells,  springs,  etc.,  is  always  more  or  less  charged  with  cal- 
cium and  magnesium  carbonates  and  sulphates,  as  well  as  other 
impurities.  The  evaporation  of  water  in  a  boiler  precipitates 
these  impurities  to  the  lower  surfaces  of  the  boiler,  where  they 
sometimes  become  incrusted  and  are  difficult  to  remove.  The 
protection  of  the  iron  or  steel  of  a  boiler  from  the  fierce  heat  of 
the  fire  depends  on  the  presence  of  water  on  the  other  side  of  the 
surface,  which  will  absorb  the  heat  and  prevent  the  metal  from 
assuming  an  excessively  high  temperature.  If  the  water  side 
of  the  metal  becomes  covered  or  incrusted  with  a  deposit 
of  chemicals,  the  conduction  of  heat  to  the  water  is  much  less 
free,  the  metal  will  become  more  heated  and  it;S  deterioration  or 
destruction  will  be  much  more  rapid.  An  especially  common 
effect  is  the  production  of  leaks  around  the  joints  between  tubes 
and  tube-sheets  and  the  joints  in  the  boiler-plates.  Such  in- 
jury can  only  be  prevented  by  the  application  of  one  (or  both) 
of  two  general  methods — (a)  the  frequent  cleaning  of  the  boilers 
and  (b)  the  chemical  purification  of  the  water  before  its  intro- 
duction into  the  boiler.  Although  ''manholes"  and  "hand- 
holes"  are  made  in  boilers,  it  is  physically  impossible  to  clean 
out  every  comer  of  the  inside  of  a  boiler  where  deposits  will  form 
and  where  they  are  especially  objectionable — on  the  tube-sheets. 
Such  a  cleaning  is  troublesome  and  expensive. 

Chemical  purification  is  generally  accomplished  by  treating 
the  water  before  it  enters  the  boiler.  The  reagents  chiefly  em- 
ployed are  quicklime  and  sodium  carbonate.  Lime  precipi- 
tates the  bicarbonate  of  lime  and  magnesia.  Sodium  carbo- 
nate gives,  by  double  decomposition  in  the  presence  of  sulphate 
of  lime,  carbonate  of  lime,  which  precipitates,  and  soluble  sul- 
phate of  soda,  which  is  non-incrustant.  When  this  is  done  in  a 
purifying  tank,  the  purified  water  is  drawn  off  from  the  top  of 
the  tank  and  supplied  pure  to  the  engines.  The  precipitants  are 
drawn  off  from  the  settling-basin  at  the  bottom  of  the  tank. 
This  purification,  which  makes  no  pretense  of  being  chemically 
perfect,  may  be  accomplished  for  a  few  cents  per  1000  gallons. 
It  is  used  much  more  extensively  in  Europe  than  in  this  country, 
iAe  Southern  Pacific  being  the  only  railroad  which  has  employed 
such  methods  on  a  largo  scale.  ReViatvcc  \a  iT^c\v\eaX\-^  \\atfied 
on  the  employment  of  a  "  non-incrustaivl"  nn\vvc\\  *\^  mVcQ^>3«.^^ 
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directly  into  the  boiler.  When  no  incrustation  takes  place 
the  accumulation  of  precipitant  and  mud  in  the  bottom  of  the 
boiler  may  be  largely  removed  by  mere  "blowing  cff"  or  by 
washing  out  with  a  hose. 

American  practice  may  therefore  be  summarized  as  follows: 
(a)  Employing  as  pure  water  as  possible;  (6)  cleaning  out  boil- 
ers by  "  blowing  off "  or  by  washing  out  with  a  hose  or  by  physi- 
cal scraping  at  more  or  less  frequent  intervals  or  when  other 
repairs  are  being  made;  (c)  the  occasional  employment  of  non- 
incrustants;  (d)  the  occasional  chemical  treatment  of  water  be- 
fore it  enters  the  tender-tank. 

282.  Tanks.  Whatever  the  source,  the  water  must  be  led 
or  pumped  into  tanks  wliich  are  supported  on  frames  so  that  the 
bottoms  of  the  tanks  are  about  12  feet  above  the  rails.     Wooden 

TABLE       XIV. CAPACITY       OF      CYLINDRICAL      WATER-TANKS      IN 

UNITED    STATES    STANDARD    GALLONS   OF  231    CUBIC  INCHES. 


Height 

in 

feet. 

Diameter  of  tank  in  feet. 

10 

12 

14 

16 

18 

20 

22 

24 

6 
7 
8 
9 
10 

3525 
4113 
4700 
5288 
5875 

5076 
5922 
6708 
7614 
8460 

6909 

8061 

9212 

10364 

11515 

9024 
10528 
12032 
13536 
15041 

11421 
13325 
15229 
17132 
19036 

14101 
16451 
18801 
21151 
23501 

17062 
19905 
22749 
25592 
28436 

31280 
34123 
36967 
39810 
42654 

20305 
23689 
27073 
30457 
33841 

11 
12 
13 
14 
15 

6463 
7050 
7638 
8225 
8813 

9306 
10152 
10998 
11844 
12690 

12667 
13819 
14970 
16122 
17273 

16545 
18049 
19553 
21057 
22561 

20939 
22843 
24746 
26650 
28554 

25851 
28201 
30551 
32901 
35251 

37225 
40609 
43994 
47378 
50762 

16 
17 
18 
19 
20 

9400 

9988 

10575 

11163 

11750 

13536 
14383 
15229 
16075 
16921 

18425 
19576 
20728 
21879 
23031 

24065 
25569 
27073 

28577 
30081 

30457 
32361 
34264 
36168 
38071 

37601 
39951 
42301 
44652 
47002 

45498 
48341 
51185 
64028 
56872 

54146 
67530 
60914 
64298 
67682 

21 
22 
23 
24 
25 

12338 
12925 
13513 
14101 
14688 

17767 
18613 
19459 
20305 
21151 

24182 
25334 
26485 
27637 
28789 

31585 
33089 
34593 
36097 
37601 

39975 
47  879 
43782 
45686 
47589 

49352 
51702 
54052 
56402 
58752 

59716 
62559 
65403 
68246 
71090 

71067 
74451 
77835 
81219 
84603 

tanks  having  a  diameter  of  24  feet,  16  feet  high,  and  with  a 
capacity  of  over  50,000  gfdlons  are  frequently  employed,  "tt^w 
or  steel  tanks  are  also  used. 

1/2  Table  XIV  is  shown  the  capacity  oi  cyWxvdrKcaN.  ^^\,^-tA,«x^'5 
/n  United  States  standard  gallons  of   231  ew\:>\<i  VvtoNxe^.    ^^^ 


302 


RAILROAD   CONSTRUCTION. 


§282. 


this  table  the  dimensions  of  a  tank  of  any  desired  capacity 
may  readily  be  found.  Two  or  more  tanks  are  sometimes  used 
rather  than  construct  one  of  excessive  size.  The  smaller  sizes 
shown  in  the  table  are  of  course  too  small  for  ordinary  use, 
but  that  part  of  the  table  was  filled  out  for  its  possible  con- 
venience otherwise.  On  single-track  roads  where  all  engines 
use  one  track  the  tank  may  be  placed  8'  5"  from  the  track 
center;  this  gives  sufficient  clearance  and  yet  permits  the  use 
of  a  single  swinging  pipe  which  will  reach  from  the  bottom 
of  the  tank  to  the  tender  manhole.      In  Fig.  160  is  illustrated 


FiQ.  160. — Watkr-tank. 

one  form  of  wooden  tank.     They  are  preferably  manufactured 
by  those  who  make  a  special  business  of  it  and  who  by  the  use 
of  special  machinery  can  insure  tight  joints.     When  it  is  incon- 
venient to  place  the  tank  near  the  track,  or  when  there  is  a 
double  track,  a  'stand-pipe"   becomes  necessary.     See  §285. 
One  of  the  most  difficult  and  troublesome  problems  is  to  prevent 
freezing,  particularly  in  the  valves  and  pipes      Not  only  are  the 
pipes  carefully  covered  but  fires  must  be  maintained  during  cold 
weather.     When  the  pumping  is  accomplished  by  means  of  a 
steam-pump,  supplied  from  a  steam-boiler  in  the  pump-house 
under  the  tank,  coils  of  steam-pipe  may  be  employed  to  heat  the 
water  or  to  heat  the  pipes      Partial  pToVceVvoiv  may  be  obtained 
by  means  of  a  double  roof  and  c\o\\V)\e.  \^oUotc\,  \Xv^  «^^^e»>o^vw|^ 
fi/Ied  with  sawdust  or  some  other  non-cowdwcVox  qI  \v^^\,. 
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283.  Pumping.  The  pumping  is  done  most  reliably  with 
steam-pumps  or  gas-engines,  although  hot-air  engines/windmills, 
and  even  man-power  are  occasionally  employed.  Economy  of 
operation  requires  that  the  water-stations  shall  be  so  located 
that  each  tank  shall  be  used  regularly  and  that  each  pump  shall 
be  regularly  operated  for  maintaining  the  water-supply.  On 
the  other  hand,  the  pump  should  not  be  required  to  regularly 
work  at  night  to  maintain  the  supply  and  should  have  an  excess 
capacity  of  say  25%.  When  a  tank  is  but  little  used,  it  will  still 
require  the  labor  of  an  attendant,  and  his  time  will  be  largely 
wasted  unless  he  can  be  utilized  for  other  labor  about  the  station. 
In  recent  years  gasoline  has  been  extensively  employed  as  a  fuel 
for  the  pumping-engines.  The  chief  advantages  of  its  use  lies  in 
the  extreme  simplicity  of  the  mechanism  and  the  very  slight 
attention  it  requires,  which  permits  their  being  operated  by 
station-agents  and  others,  who  are  paid  $10  per  month  extra, 
instead  of  paying  a  regular  pumper  $35  per  month.  "  Screen- 
ings," "slack  coal,"  etc.,  are  used  as  fuel  for  steam-pumps  and 
may  frequently  be  delivered  at  the  pump-house  at  a  cost  not 
exceeding  30  cents  per  ton,  but  even  at  that  price  the  cost  of 
pumping  per  thousand  gallons,  although  dependent  on  the  hori- 
zontal and  vertical  distances  to  the  source  of  supply  and  to 
the  tank,  will  generally  run  at  2  cents  to  6  cents  per  1000  gallons. 
In  many  cases  where  steam  plants  have  been  replaced  by  gasoline 
plants,  the  cost  of  pumping  per  1000  gallons  has  been  reduced 
to  one  third  or  even  one  fourth  of  the  cost  of  steam  pumping. 
Of  coiu*se  the  cost,  using  windmills,  is  reduced  to  the  mere 
maintenance  of  the  machinery,  but  the  unreliability  of  wind  as 
a  motive  power  and  the  possibility  of  its  failure  to  supply  water 
when  it  is  imperatively  needed  has  made  this  form  of  motive 
power  unpopular.  (See  report  to  Ninth  Annual  Convention 
of  the  Association  of  Railway  Superintendents  of  Bridges  and 
Buildings,  Oct.  1899.) 

284.  Track  tanks.  These  are  chiefly  required  as  one  of  the 
means  of  avoiding  delays  during  fast-train  service.  A  trough, 
made  of  steel  plate,  is  placed  between  the  rails  on  a  stretch  of 
perfectly  level  track.  A  scoop  on  the  end  of  a  pipe  ''s  lowered 
from  under  the  tender  into  the  tank  while  the  train  is  in  motiotv. 
The  rapid  motion  scoops  up  the  water,  wYvicYv  \\vexv^Qw^**xv\ft'OcNfc 
tender  tank.     The  foUo'wmg  brief  dcscripUoxv  oi  axv  *.tv^\s^^>^^ss^ 

on   the  Baltimore  &  Ohio   Railroad  between  ^«\\.vKvoxe,  «sifl 


304  RAILROAD   CONSTRUCTION.  §  285. 

Philadelphia  will  answer  as  a  general  description  of  tie 
method.  The  trough  is  made  of  Z^"  steel  plate,  19"  wide,  6" 
deep,  and  has  a  length  of  1200  feet.  There  is  riveted  on  each 
side  a  line  of  1  J"  X2"  Xi"  angle  bars.  These  angle  bars  rest  on 
the  ties.  Ordinary  track  spikes  hold,  these  angle  bars  to  the 
ties,  but  permit  expansion  as  with  rails.  The  tanks  are  firmly 
anchored  at  the  center,  the  ends  being  free  to  expand  or  con- 
tract. The  plates  are  15  feet  long  and  are  riveted  with  ^V' 
rivets,  20  rivets  per  joint.  At  each  end  is  an  inclined  plane 
13'  S"  long.  If  the  fireman  should  neglect  to  raise  the  scoop 
before  the  end  of  the  tank  is  reached,  the  inclined  plane  will 
raise  it  automatically  and  a  catch  will  hold  it  raised.  Water 
is  supplied  to  the  tanks  by  a  No.  9  Blake  pump  having  a 
capacity  of  260  gallons  per  minute.  During  cold  weather, 
freezing  is  prevented  by  injecting  into  the  side  of  the  tanks, 
at  intervals  of  45  feet,  jets  of  steam,  which  come  through 
J"  holes.  Two  boilers  of  80  and  95  H.P.  are  required  for  pump- 
ing and  to  keep  the  water  from  freezing.  During  warm 
weather  an  upright  25  H.P.  boiler  suffices  for  the  pumping. 
The  cost  of  installation  was  about  $10,000  to  $11,000,  the  cost  of 
maintenance  being  about  $132.50  per  month. 

285.  Stand-pipes.  These  are  usually  manufactured  by  those 
who  make  a  specialty  of  such  track  accessories,  and  who  can 
ordinarily  be  trusted  to  furnish  a  correctly  designed  article.  In 
Fig.  161  is  shown  a  form  manufactured  by  the  Sheffield  Car  Co. 
Attention  is  called  to  the  position  of  the  valve  and  to  the  device 
for  holding  the  arm  parallel  to  the  track  when  not  in  use  so  that 
it  will  not  be  struck  by  a  passing  train.  When  a  stand  pipe  is 
located  between  parallel  tracks,  the  strict  requirements  of  clear- 
ance demand  that  the  tracks  shall  be  bowed  outward  slightly. 
If  the  tracks  were  originally  straight,  they  may  be  shoved  over  by 
the  trackmen,  the  shifting  gradually  nmning  out  at  about  100 
feet  each  side  of  the  stand-pipe.  If  the  tracks  were  originally 
curved,  a  slight  change  in  radius  will  suffice  to  give  the  necessary 
extra  distance  between  the  tracks. 

BUILDINGS. 

286.  Station  platforms.     These  are  most  commonly  made  of 
p/anks  at  minor  stations.     Concrete  is  us(h1  in  better-class  work, 

aJso  pa ving  brick.  An  estimate  oi  t\\c  co^t  ol  a  \>\w,\\ox\tv  ot  -^ving 
biiek  laid  at  Topeka,  Kan.,  was  $4.^9  pet  10V5  ^o^^^xt^  l<&^\, ^\issii 
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d  fiat  and  $7.24  per  100  square  feet  when  laid  on  edge.     The 
rbing  cost  36  cents  per  linear  foot.     Cinders,  curbed  by  timbers 


Fio.  161. — Stand-pip¥1. 
^one,  hound  by  iron  rods,  make  a  c\\cap  a,iv<\  \^vc\n  *^.vct^"^^ 
form,  but  in  wet  weather  the  cinders  \vW\  V^c^  \,t'<x.O&si^  vo^"^^ 
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the  stations  and  cars.  Three  inches  of  crushed  stone  on  a 
cinder  foundation  is  considered  to  be  still  better,  after  it  is  once 
thoroughly  packed,  than  a  cinder  surface. 

Elevation. — The  elevation  of  the  platform  with  respect  to 
the  rail  has  long  been  a  fruitful  source  of  discussion.  Some  roads 
make  the  platforms  on  a  level  with  the  top  of  the  rail,  others 
3"  above,  others  still  higher.  As  a  matter  of  convenience  to 
the  passengers,  the  majority  find  it  easier  to  enter  the  car  from 
a  high  platform,  but  experience  proves  that  accidents  are  more 
numerous  with  the  higher  platforms,  unless  steps  are  discarded 
altogether  and  the  cars  are  entered  from  level  platforms,  as  is 
done  on  elevated  roads.  As  a  railroad  must  generally  pay 
damages  to  the  stumbling  passenger,  they  prefer  to  build  the 
lower  platform.  Convenience  requires  that  the  rise  from  the 
platform  to  the  lowest  step  should  not  be  greater  than  the  rise 
of  the  car  steps.  This  rise  is  variable,  but  with  the  figures  usually 
employed  the  application  of  the  rule  will  make  the  platform 
5"  to  15"  above  the  rail. 

Position  with  respect  to  tracks. — Low  platforms  are  gen- 
erally built  to  the  ends  of  the  ties,  or,  if  at  the  level  of  the  top 
of  the  rail,  are  built  to  the  rail  head.  Car  steps  usually 
extend  4'  6"  from  the  track  center  and  are  14"  to  24"  above  the 
rail.  The  platform  must  have  plenty  of  clearance,  and  when 
the  platform  is  high  its  edge  is  generally  required  to  be  5'  6" 
from  the  track  center. 

287.  Minor  stations.  For  a  complete  discussion  of  the  design 
of  stations  of  all  kinds,  including  the  details,  the  student  is  re- 
feri-od  to  "Buildings  and  Structures  of  American  Railroads,'* 
by  Walter  G.  Berg,  now  ('hicf  P^nginecr  of  the  Lehigh  Valley 
Railroad.  The  subject  is  too  large  for  adequate  discussion  here, 
but  a  few  fundamental  principles  will  be  referred  to. 

Rooms  required.  An  oflice  and  waiting-room  is  the  mini- 
mum. A  baggage-room,  toilet-rooms,  and  express  office  are 
successively  added  as  the  business  increases.  In  the  Southern 
States  a  separate  waiting-room  for  colored  people  is  generally 
provided.  It  used  to  be  common  to  have  separate  waiting-rooms 
for  men  and  women.  Experience  proved  that  the  men's  wait- 
ing-room became  a  lounging  plac(»  and  smoking-room  for  loafers, 
and  now  largo  singh  waiting-rooms  are  more  connnon  even  in 
i/ic  mora  pretentious  designs,  smoking  ^^^'^^^?,  exeVwd^d.  The 
o^ce  usually  has  a  bay  window,  so  t\\aV  a  moivi  vi^\.eiidR^  vvs?w 
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of  the  track  is  obtainable.  The  women's  toilet-room  is  entered 
from  the  waiting-room.  The  men's  toilet-room,  although  built 
immediately  adjoining  the  other  in  order  to  simplify  the  plumb- 
ing, is  entered  from  outdoors.  Old-fashioned  designs  built  the 
station  as  a  residence  for  the  station-agent;  later  designs  have 
very  generally  abandoned  this  idea.  "Combination"  stations 
(pafi«sengcr  and  freight)  are  frequently  built  for  small  local 
stations,  but  their  use  seems  to  be  decreasing  and  there  is  now  a 
tendency  to  handle  the  freight  business  in  a  separate  building. 

288.  Section-houses.  These  are  houses  built  along  the  right- 
of-way  by  the  railroad  company  as  residences  for  the  trackmen. 
The  liability  of  a  wreck  or  washout  at  any  time  and  at  any  part 
of  the  road,  as  well  as  the  convenience  of  these  houses  for  ordinary 
track  labor,  makes  it  all  but  essential  that  the  trackmen  should 
live  on  the  right-of-way  of  the  road,  so  that  they  may  be  easily 
called  on  for  emergency  service  at  any  time  of  day  or  night. 
This  is  especially  true  when  the  road  passes  through  a  thinly 
settled  section,  where  it  would  be  difficult  if  not  impossible  to 
obtain  suitable  boarding-places.  It  is  in  no  sense  an  extrava- 
gance for  a  railroad  to  build  such  houses.  Even  from  the  direct 
financial  standpoint  the  expense  is  compensated  by  the  corre- 
sponding reduction  in  wages,  which  are  thus  paid  partly  in  free 
house  rent.  And  the  value  of  having  men  on  hand  for  emergen- 
cies will  often  repay  the  cost  in  a  single  night.  Where  the  coun- 
try is  thickly  settled  the  need  for  such  houses  is  not  so  great,  and 
railroads  will  utilize  or  perhaps  build  any  sort  of  suit  able  house, 
but  on  Southern  or  Western  roads,  where  the  nc(  d  for  such 
houses  is  greater,  standard  plans  have  been  studied  with  great 
care,  so  as  to  obtain  a  maximum  of  durability,  usefulness,  com- 
fort, and  economy  of  construction.  (See  Berg's  Buildings,  etc., 
noted  above.)  On  Northwestern  roads,  protection  against  cold 
and  rain  or  snow  is  the  chief  characteristic;  on  Southern  roads 
good  ventilation  and  durability  must  be  chiefly  considered. 
Such  houses  may  be  divided  into  two  general  classes — (a)  those 
which  are  intended  for  trackmen  only  and  which  may  be  built 
with  great  simplicity,  the  only  essential  requirements  being  a 
living-room  and  a  dormitory,  and  (6)  those  which  are  intended 
for  families,  the  houses  being  then  distinguished  as  "dwelling- 
houses  for  employees. 

289.  Engine^iiouses.      Small  cng'ine-\vov\se.s  ax^  xx-sv^sO^.^  \iv\^\» 
rectODgul&r  in  plmi.     Their  minimuui  \ei\g^\\  ^\\ov\^  "v^^  ^qw»- 
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what  greater  than  that  of  the  longest  engine  on  the  road.  They 
may  be  built  to  accommodate  two  engines  on  one  track,  but 
then  they  should  be  arranged  to  be  entei-ed  at  cither  end,  so  that 
neither  engine  must  wait  for  the  other.  In  width  there  may  be 
as  many  tracks  as  desired,  but  if  the  demand  for  stalls  is  large, 
it  will  probably  be  preferable  to  build  a  *'  roundhouse/'  Rect- 
angular engine-houses  are  usually  entered  by  a  series  of  parallel 
tracks  smtching  off  from  one  or  more  main  tracks,  no  turn-table 
being  necessary.     If  a  turn-table  is  placed  outside  (because  one 


Fig.  162.— ^Engine-house. 

is  needed  at  that  part  of  the  road)  enough  track  should  be  allowed 
between  the  house  and  the  turn-table  so  that  engines  may  be 
quickly  removed  from  the  engine-house  in  case  of  fire  without 
depending  on  the  turn-table  to  get  them  out  of  danger. 

Roundhouses.  The  plan  of  there  is  generally  polygonal 
rather  than  circular.  The  straight  walls  are  easier  to  build;  the 
construction  is  more  simple,  and  the  general  purpose  is  equally 
well  served.  They  may  be  built  as  a  part  of  a  circle  or  a  com- 
plete circle,  a  passagCAvay  being,  allowed,  so  that  there  are  two 
entrances  instead  of  one.  When  space  is  very  limited  a  round- 
house Avith  turn-table  will  accommodate  more  engines  in  pro- 
portion to  the  space  required  (including  the  approaches)  than  a 
rectangular  house.  The  enlarged  space  on  the  outer  side  of  each 
sc^niont  of  a  roundhouse  furnishes  the  extra  space  which  is  needed 
for  the  minor  repairs  which  are  usuaWy  rcv5v.de  Vo.  a.  TovKvdhouse. 
One  disadvantage  is  that  supervision  \s  ivo\»  c^\V^  «>o  e^xsj^  ot  ^^^*i- 
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tive  as  in  rectangular  houses.  Of  course  such  houses  are  used 
not  only  for  storing  and  cleaning  engines,  but  also  for  minor 
repairs  which  do  not  require  the  engine  to  be  sent  to  the  shops 
for  a  general  overhauling. 

Construction.  The  outer  walls  are  usually  of  brick.  The 
inner  walls  consist  almost  entirely  of  doors  and  the  piers  between 
them,  although  there  is  usually  a  low  wall  from  the  top  of  the 
door  frames  to  the  roof  line,  which  usually  slopes  outward  so  as 
to  turn  rain-water  away  from  the  central  space. 

Roofs.  Many  roofs  have  been  built  of  slate  with  iron  truss 
framing,  with  the  idea  of  maximum  durability.  The  slate  is  good, 
but  experience  shows  that  the  iron  framing  deteriorates  very 
rapidly  from  the  action  of  the  gases  of  combustion  of  the  engines 
which  must  be  ''fired''  in  the  houses  before  starting.  Roof 
frames  are  therefore  preferably  made  of  wood. 

Floors.  These  are  variously  constructed  of  cinders,  wood, 
brick,  and  concrete.  Brick  has  been  found  to  be  the  best  ma- 
terial. Anything  short  of  brick  is  a  poor  economy;  concrete  is 
very  good  if  properly  done  but  is  somewhat  needlessly  expensive. 

Ventilation.  This  is  a  troublesome  and  expensive  matter. 
The  general  plan  is  to  have  "smoke-jacks"  which  drop  down 
over  the  stack  of  each  engine  as  it  reaches  its  precise  place  in  its 
stall  and  which  will  carry  away  all  smoke  and  gas.  Such  a 
movable  stack  is  most  easily  constructed  of  thin  metal — say 
galvanized  iron — but  these  will  be  corroded  by  the  gases  of 
combustion  in  two  or  three  years.  Vitrified  pipe,  cast  iron, 
expanded  metal  and  cement,  and  even  plain  wood  painted  with 
"fireproof"  paint,  have  been  variously  tried,  but  all  methods 
have  their  unsatisfactory  features.  (For  an  extended  discus- 
sion of  roundhouse  floors  and  ventilation  see  the  Proc.  Assoc, 
of  Railway  Supts,  of  Bridges  and  Buildings  for  1898,  pp.  112-135.) 

SNOW   STRUCTURES. 

290.  Snow-fences.  Snow  structures  are  of  two  distinct 
kinds — fences  and  sheds.  A  snow-fence  implies  drifting  snow — 
snow  carried  by  wind — and  aims  to  cause  all  drifting  snow  to  be 
deposited  away  from  the  track.  Some  designs  actually  succeed 
in  making  the  wind  an  agent  for  clearing  snow  from  the  ttaofe. 
where  it  has  naturally  fallen.  A  snow-ieivce  \^  p\«kSL^^  ^\.  ^^pi^ 
angles  to  the  prevailing  direction  of  the  w'\wd  aiid  ^^  \^<^  '^^^  "^^^"^ 
wajr  from  the  tracks.     When  the  road  \me  is  aXi  t\^\*  ^w^^*^  "^^ 
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the  prevailing  wind,  the  right-of-way  fence  may  be  built  as  a 
snow-fence — high  and  with  tight  boarding.  Hedges  have  some- 
times been  planted  to  serve  this  purpose.  When  the  prevailing 
wind  is  oblique,  the  snow  fences  must  be  built  in  sections  where 
they  will  serve  the  best  purpose.  The  fences  act  as  wind  break- 
ers, suddenly  lowering  the  velocity  of  the  wind  and  causing  the 
snow  carried  by  the  wind  to  be  deposited  along  the  fence. 
Portable  fences  are  frequently  used,  which  are  placed  (by  per- 
mission of  the  adjoining  property  owners)  outside  of  the  right- 
of-way.  If  a  drift  forms  to  the  height  of  the  portable  fence  the 
fence  may  be  replaced  on  the  top  of  the  drift,  where  it  may  act 
as  before,  forming  a  still  higher  drift.  When  the  prevailing 
wind  runs  along  the  track  line,  snow-fences  built  in  short  sec- 
tions on  the  sides  \\nll  cause  snow  to  deposit  around  them 
while  it  scours  its  way  along  the  track  line,  actually  clearing 
it.  Such  a  method  is  in  successful  operation  at  some  places  on 
the  White  Mountain  and  Concord  divisions  of  the  Boston  & 
Maine  Railroad.  Snow-fences,  in  connection  with  a  moderate 
amount  of  shoveling  and  plowing,  suffice  to  keep  the  tracks 
clear  on  railroads  not  troubled  with  avalanches.  In  such  cases 
snow-sheds  are  the  only  alternative. 

291.  Snow-sheds.  These  are  structures  which  will  actually 
keep  the  tracks  clear  from  snow  regardless  of  its  depth  outside. 
Fortimately  thoy  are  only  necessary  in  the  comparatively  rare 
situations  where  the  snowfall  is  excessive  and  where  the  snow 
is  liable  to  slide  down  steep  mountain  slopes  in  avalanches. 
Those  avalanches  frequently  bring  down  with  them  rocks,  trees, 
and  earth,  which  would  otherwise  choke  up  the  road-bed  and 
render  it  in  a  moment  utterly  impassable  for  Aveeks  to  come. 
The  sheds  arc  usually  built  of  12"X12"  timber  framed  in  about 
the  same  niiuiiier  as  trestle  timbering;  the  *' bents"  are  some- 
times placed  as  close  as  5  feet,  and  even  this  has  proved  insuffi- 
cient to  withstand  the  force  of  avalanches.  The  sheds  are  there- 
fore so  designed  that  the  avalanche  will  be  deflected  over  them 
instead  of  spending  its  force  against  them.  Although  these 
sheds  are  only  used  in  especially  exposed  places,  yet  their  length 
is  frequently  very  great  and  they  are  liable  to  destruction  by  fire. 
To  confine  such  a  fire  to  a  limited  section,  "fire-breaks"  are 
made — i.e.,  the  shod  is  discontinued  for  a  length  of  perhaps  100 
feet.  Then,  to  protect  that  sectioii  ol  IxaeV,  a.  \-^wpe\  ^<8r 
Sector  will  be  placed  on  the  uphiW  aide  ^\i\Oa.  VJOi  ^<^<^  ^ 


.§  292.  MISCELLANEOUS  STRUCTURES  AND  BUILDINGS.   311 

descending  material  so  that  it  passes  over  the  sheds.  Solid  crib 
work  is  largely  used  for  these  structures.  Fortunately  suitable 
timber  for  such  construction  is  usually  plentiful  and  cheap 
where  these  structures  are  necessary.  Sufficient  ventilation 
is  obtained  by  longitudinal  openings  along  one  side  immediately 
under  the  roof.  "Summer"  tracks  are  usually  built  outside 
the  sheds  to  avoid  the  discomfort  of  passing  through  these  semi- 
tunnels  in  pleasant  weather.  The  fundamental  elements  in 
the  design  of  such  structures  is  shown  in  Fig.  163,  which  illus- 
trates some  of  the  sheds  used  on  the  Canadian  Pacific  Railroad. 


-fall  shed 


FiQ.  163. — Snow-sheds — Canadian  Pacific  Railroad, 


292.  Turn-tables.  The  essential  feature  of  a  turn-table  is  a 
carriage  of  sufficient  size  and  strength  to  carry  a  locomotive, 
the  carriage  turning  on  a  pivot  of  sufficient  size  to  carry  such  a 
load.  The  carriage  revolves  in  a  circular  pit  whose  top  has 
the  same  general  level  as  the  surrounding  tracks.  The  car- 
riages were  formerly  made  largely  of  wood;  very  many  of 
those  still  in  use  are  of  cast  iron.  Structural  steel  is  now  uni- 
versally employed  for  all  modem  work  and  since  the  construc- 
tion of  the  carriage  and  the  pivot  is  a  spec\a\.  px^^cAc^xv  Sxv  %Vc\\si.- 
tures,  no  further  attention  will  here  be  pcad  \.o  \>cv^  ^>:^\^^*^> 
except  to  that  part  which  the  railroad  cngvufeex  xaxxsX*  ^so^  ^"^ 
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— claying  out  the  site  and  preparing  the  foundation.  The 
minimum  length  of  such  a  carriage  (and  therefore  the  diameter 
of  the  pit)  is  evidently  the  length  over  all  of  the  longest  engine 
and  tender  in  use  on  the  road.  Usually  60-foot  turn-tables 
will  suffice  for  an  ordinary  road,  and  for  light-traffic  roads 
employing  small  engines,  50  feet  or  even  less  may  be  sufficient. 
Many  of  the  heavier  freight  engines  of  recent  make  have  a  total 
length  of  about  65  feet;  therefore  70-foot  turn-tables  are  a 
better  standard  for  heavy-traffic  roads.  A  retaining-wall 
should  be  built  around  the  pit.  The  stability  of  this  wall  inune- 
diately  under  the  tracks  should  be  especially  considered.  The 
most  important  feature  is  the  stability  of  the  foundation  of  the 
pivot,  which  must  sustain  a  concentrated  pressure,  more  or  less 
eccentric,  of  perhaps  150  tons.  When  firm  soil  or  rock  may 
be  easily  reached,  this  need  give  no  trouble,  but  in  a  soft,  treach- 
erous soil  a  foundation  of  concrete  or  piling  may  be  necessary. 
If  the  soil  is  very  porous,  it  may  be  depended  on  to  carry  away 
all  rain-water  which  may  fall  into  the  pit  before  the  foundations 
are  affected,  but  when  the  soil  is  tenacious  it  may  be  necessary 
to  drain  the  subsoil  thoroughly  and  carry  off  immediately  all 
surface  drainage  by  means  of  subsoil  pipes  which  have  a  suit- 
able   outfall. 

The  location  of  the  turn-table  in  the  yard  is  a  part  of  the 
general  subject  of  "Yards,"  and  will  be  considered  in  the  next 
chapter. 


CHAPTER    XIII. 
YARDS  AND  TERMINALS. 

293.  Value  of  proper  design.  A  large  part  of  the  total  cost  of 
handling  traffic,  particularly  freight,  is  that  incurred  at  terminals 
and  stations.  In  illustration  of  this,  consider  the  relative  total 
cost  of  handling  a  car-load  of  coal  and  a  car-load  (of  equal 
weight)  of  mixed  merchandise.  The  coal  will  be  loaded  in 
l>ulk  on  the  cars  at  the  mines,  where  land  is  comparatively- 
cheap,  and  the  cars  grouped  into  a  train  without  regard  to  order, 
since  they  are  (usually)  uniform  in  structure,  loading,  and  con- 
tents. "WTien  the  terminal  or  local  station  is  reached  they  are 
run  on  tracks  occupying  property  which  is  usually  much  cheaper 
than  the  site  of  the  terminal  tracks  and  freight-houses ;  they  are 
unloaded  by  gravity  into  pockets  or  machine  conveyors  and  the 
empty  cars  are  rapidly  hauled  by  the  train-load  out  of  the  way. 
On  the  other  hand,  the  merchandise  is  loaded  by  hand  on  the  car 
from  a  freights-house  occupying  a  central  and  valuable  location, 
the  car  is  hauled  out  into  a  yard  occupying  valuable  ground,  is 
drilled  over  the  yard  tracks  for  a  considerable  aggregate  mileage 
before  starting  for  its  destination,  where  the  same  process  is  re- 
peated in  inverse  order.  In  either  case  the  terminal  expenses  are 
evidently  a  large  percentage  of  the  total  cost  and,  once  loaded, 
it  makes  but  little  difference  just  how  far  the  car  is  hauled  to  the 
other  terminal.  But  the  very  evident  increase  in  terminal  charges 
for  general  merchandise  over  those  for  coal  (large  as  they  are) 
gives  a  better  idea  of  the  magnitude  of  terminal  charges. 

Many  yards  are  the  result  of  growth,  adding  a  few  tracks  at  a 
time,  without  much  evidence  of  any  original  plan.     In  such 
cases  the  yard  is  apt  to  be  very  inefficient,  requiring  a  much 
larger  aggregate  of  drilling  to  accomplish  desired  results,  requir- 
ing much  more  time  and  hence  blocking  traffic  oadf^xv-aJX-^  ^^^^xc^ 
greatly  to  the  cost  of  terminal  service,  alt\iCi\x^  \}cia  \^^*^  ^^  "^'^ 
being  a  needless  addition  to  cost  may  be  uTiSvis^eoX*^^  ^^  tv52{^  \n^^ 
appreciated.    An  unwillingness  or  mabVWtv  to  «^e:tA  xcvox^"^ 
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the  necessary  changes,  and  the  difficulty  of  making  the  changes 
while  the  yard  is  being  used,  only  prolong  the  bad  state  of 
affairs  and  an  inefficieiit  makeshift  is  frequently  adopted.  As- 
sume that  an  improvement  in  the  design  of  the  yard  will  j)ennit 
a  saving  of  the  use  of  one  switching  engine,  or  for  example,  that 
the  work  may  be  accomplished  with  three  switching  engines  in- 
stead of  four.  Assuming  a  daily  cost  of  $25,  we  have  in  313 
working  days  an  annual  saving  of  $7825,  which,  capitalized  at 
5%,  gives  $156,500,  enough  to  reconstruct  any  ordinary  yard.* 

294.  Divisions  of  the  subject.  The  subject  naturally  divides 
itself  into  three  heads — (a)  Yards  for  receiving,  classifying,  and 
distributing  freight  cars,  called  more  briefly  freight  yards;  (6) 
yards  and  conveniences  for  the  care  of  engines,  such  as  ash  tracks, 
turn-tables,  coal-chutes,  sand-houses,  water-tanks,  or  water 
stand-pipes,  etc.,  and  (c)  passenger  terminals. 

FREIGHT   YARDS. 

295.  General  principles.  It  should  be  recognized  at  the  start 
that  at  many  places  an  ideally  perfect  yard  is  impossible,  or  at 
least  impracticable,  generally  because  ground  of  the  required 
shape  or  area  is  practically  unobtainable.  But  there  are  some 
general  principles  which  may  and  should  be  followed  in  every  yard 
and  other  ideals  which  should  be  approached  as  nearly  as  possi- 
ble. Nevertheless  every  yard  is  an  independent  problem.  Be- 
fore taking  up  the  design  of  freight  yards,  it  is  first  necessary  to 
consider  the  general  object  of  such  yards  and  the  general  princi- 
ples by  which  the  object  is  accomplished.  These  may  be  briefly 
stated  as  follows: 

1.  A  yard  is  a  device,  a  machine,  by  which  incoming  cars  are 
sorted  and  classified — some  sent  to  warehouses  for  unloading, 
some  sent  to  connecting  railroads,  some  made  up  for  local  dis- 
tribution along  the  road,  some  sent  for  repairs,  and,  in  short  a 
device  by  which  all  cars  are  sent  through  and  out  of  the  yard  as 
quickly  as  possible. 

2.  Except  when  a  road's  business  is  decreasing,  or  when  its 
equipment  is  greater  than  its  needs  and  its  cars  must  be  stored, 
efficiency  of  management  is  indicated  by  the  rapidity  with  which 
the  passage  of  cars  through  the  yard  is  accomplish(?d. 

«?.    When  a  yard  is  the  terminal  oi  a  "  d\v\s\o\\,"  the  freight 

*  Estimate  of  Mr.  H.  G.  Hetzler ,  C.,B.  &  Q,.  ^>/. 


§  295.  YARDS  AND   TERMINALS.  315 

trains  will  be  pulled  into  a  "receiving  track"  and  the  engine  and 
caboose  detached.  The  caboose  will  be  run  on  to  a  "caboose 
track,"  which  should  be  conveniently  near,  and  the  engine  is  run 
off  to  the  engine  yard.  If  the  train  is  a  "  through"  train  and  no 
change  is  to  be  made  in  its  make-up,  it  will  only  need  to  wait  for 
another  engine  and  perhaps  another  caboose.  If  the  cars  are  to 
be  distributed,  they  will  be  drawn  off  by  a  switching  engine  to 
the  "classification  yard." 

4.  The  design  of  a  yard  is  best  studied  by  first  picking  out  the 
ladder  tracks  and  the  through  tracks  which  lead  from  one  divi- 
sion of  the  yard  to  another.  These  are  tracks  which  must  always 
be  kept  open  for  the  passage  of  trains,  in  contradistinction  to 
the  tracks  on  which  cars  may  be  left  standing,  even  though  it  is 
only  for  a  few  moments,  while  drilling  is  being  done.  Such  a  set 
of  tracks,  which  may  be  called  the  skeleton  of  the  yard,  is  shown 
by  heavy  lines  in  Fig.  164.  Each  line  indicates  a  pair  of  rails. 
The  tracks  of  the  storage  yards  are  shown  by  the  lighter  lines. 

5.  There  is  a  distinct  advantage  in  having  all  storage  tracks 
double-ended — except  "team  tracks."  Team  tracks  are  those 
which  have  spaces  for  the  accommodation  of  teams,  so  that  load- 
ing or  unloading  may  be  done  directly  between  the  cars  and  teams. 
To  avoid  the  necessity  of  teams  passing  over  the  tracks,  these  are 
best  placed  on  the  outskirts  of  the  yard  and  consist  of  short  stub- 
sidings  arranged  in  pairs.  But  storage  tracks  should  have  an 
outlet  at  each  end  so  as  to  reduce  the  amount  of  drilling  neces 
sary  to  reach  a  car  which  may  be  at  the  extreme  end  of  a  long 
string  of  cars.  This  is  done  usually  by  means  of  two  "ladder" 
tracks,  parallel  to  each  other,  which  thus  make  the  storage 
tracks  between  them  of  equal  length. 

6.  The  equality  of  length  of  these  storage  tracks  is  a  point  in- 
sisted on  by  many,  but  on  the  other  hand,  trains  are  not  always  of 
uniform  length  even  on  any  one  division.  Loaded  trains  and 
trains  of  empties  will  vary  greatly  in  length,  and  the  various 
styles  and  weights  of  freight  engines  employed  necessitate  other 
variations  in  the  weights  and  lengths  of  trains  hauled.  With 
storage  tracks  of  somewhat  variable  length  a  larger  percentage 
of  track  length  may  be  utilized,  there  will  be  less  hauling  over  a 
useless  length  of  track,  and  (assuming  that  the  plot  of  ground 
available  for  yard  purposes  has  equally  favorable  Q,Qrwi^\axia»Vst 
yard  design)  more  business  maybe  Yian^ei^Va.  ^^^x^  <2>\  >gM^so 

area. 
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7  Yards  are  preferably  built  so  that  the  tracks  have  a  grade 
of  0.5% — sometimes  a  little  more  than  this — in  the  direction  of 
the  traffic  through  the  yard.  This  grade,  which  will  overcome  a 
tractive  resistance  of  10  pounds  per  ton,  will  permit  cars  to  be 
started  down  the  ladder  tracks  by  a  mere  push  from  the  switch- 
ing engine.  They  are  then  switched  on  to  the  desired  storage 
track  and  run  do\\Ti  that  track  by  gravity  until  stopped  at  the 
desired  place  by  a  brakeman  riding  on  the  cars 

8.  Although  not  absolutely  necessary,  there  is  an  advantage 
in  having  all  frog  numbers  and  switch  dimensions  uniform. 
No.  7  frogs  are  most  commonly  used.  Sharper-angled  frogs 
make  easier  riding,  less  resistance  and  less  chance  of  derailment, 
but  on  the  other  hand  require  longer  leads  and  more  space.  No. 
G  and  even  No.  5  frogs  are  sometimes  used  on  account  of  economy 
of  space,  but  they  have  the  disadvantages  of  greater  tractive  re- 
sistance, greater  wear  and  tear  on  track  and  rolling  stock,  and 
greater  danger  of  derailment. 

296.  Relation  of  yard  to  mam  tracks.  Safety  requires  that 
there  should  be  no  connection  between  the  yard  tracks  and  the 
main  tracks  except  at  each  end  of  the  yard,  where  the  switches 
should  be  amply  protected  by  signals.  Sometimes  the  main 
tracks  run  through  the  yard,  making  practically  two  yards—  -one 
for  the  traffic  in  either  direction — but  this  either  requires  a  double 
layout  of  tracks  and  houses  (such  as  ash  tracks,  coal-chutes,  sand- 
houses,  etc.),  or  a  very  objectionable  amount  of  crossing  of  the 
main-line  bracks.  The  preferable  method  is  to  have  the  main  h'ne 
tracks  entirely  on  the  outside  of  the  j'ard.  A  method  which  is  in 
one  respect  still  better  is  to  spread  the  main  tracks  so  that  they 
run  on  each  side  of  the  yard.  In  this  case  there  is  never  any 
necessity  to  cross  one  main  track  to  pass  from  the  j^ard  to  the 
other  main  track;  a  train  may  pass  from  the  yard  to  either 
main  track  and  still  leave  the  other  main  track  free  and  open. 
The  ideal  arrangement  is  that  by  which  some  of  the  tracks  cross 
over  or  under  all  opposing  tracks.  By  this  means  all  connections 
between  the  3^1rd  and  the  main  tracks  maybe  by  "trailing" 
switches;  that  is,  trains  Avill  run  on  to  the  main  track  in  the 
direction  of  motion  on  that  main  track.  Of  course  all  this 
applies  only  to  double  main  track. 

An  important  element  of  yard  design  is  to  havea.  ie,^  \,t^q)^^  xwx- 
mediatel3^  adjoining  the  main  tracks  and  Repa,Ta.\>^lTcyHv\>cv^^«^^ 
proper  on  which  outgoing  trains  raay  await  X\vc*\t  ot^^x^  ^<^  \^22«va 
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the  main  track.  When  the  orders  come,  they  may  start  at  once 
\vitho\it  any  delay,  Avithout  interfering  with  any  yard  operations, 
and  they  are  not  occupying  tracks  which  may  form  part  of  the 
system  needed  for  switcliing. 

297.  Minor  freight  yards.  The  term  here  refers  to  the  sub- 
stations, only  found  in  the  largest  cities,  to  which  cars  will  be  sent 
to  save  in  the  amount  of  necessary  team  hauling  and  also  to  re- 
lieve a  congestion  of  such  loading  and  unloading  at  the  main 
freight  terminal.  The  cars  are  brought  to  these  yards  sometimes 
on  floats  (as  is  done  so  extensively  at  various  points  around  New 
York  Harbor),  or  they  are  run  down  on  a  long  siding  running 
perhaps  through  the  city  streets.  But  the  essential  feature  of 
these  yards  is  the  maximum  utilization  of  every  square  foot  of 
yard  space,  which  is  always  very  valuable  and  which  is  frequently 
of  such  an  inconvenient  shape  that  a  great  ingenuity  is  required 
to  obtain  good  results.  There  is  generally  a  temptation  to  use 
excessively  sharp  curves.  When  the  radii  are  greater  then  150 
feet  no  especial  trouble  is  encountered.  Curves  with  radius  as 
short  as  50  feet  have  been  used  in  some  yards.  On  such  curves 
the  long  cars  now  generally  used  make  a  sharper  angle  with  each 
other  than  that  for  which  the  couplers  Avere  designed  and  spe- 
cial coupler-bars  become  necessary.  The  two  general  methods 
of  construction  are  (a)  a  series  of  parallel  team  tracks  (as  pre- 
viously described  and  as  illustrated  further  in  Fig.  165),  and  (b) 
the  "  loop  system,"  as  is  illustrated  in  Fig.  166. 

298.  Transfer  cranes.  These  are  almost  an  essential  feature 
for  yards  doing  a  large  business.  The  transportation  of  built- 
up  girders,  castings  for  excessively  heavy  machinery,  etc.,  which 
weigh  five  to  thirty  tons  and  even  more,  creates  a  necessity  for 
machinery  which  will  easily  transfer  the  loads  from  the  car  to 
the  truck  and  vice  versa.  An  ordinary  "gin-pole"  will  serve  the 
purpose  for  loads  which  do  not  much  exceed  five  tons.  A  fixed 
framework,  covering  a  span  long  enough  for  a  car  track  and  a 
team  space,  with  a  trolley  traveling  along  the  upper  chord,  is  the 
next  design  in  the  order  of  cost  and  convenience.  Increasing 
the  span  so  that  it  covers  two  car  tracks  and  two  team  spaces 
will  very  materially  increase  the  capacity.  Making  the  frame 
movable  so  that  it  travels  on  tracks  which  are  parallel  to  the 
car  tracks,  giving  the  frame  a  longitudinal  motion  equal  to  two 
or  three  car  lengths,  and  finally  operating  the  raising  and  travel- 
ing mechanism  by  power,  the  facility  for  iap\d\y  ^\svo«v3a%  q1 
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heavy  articles  of  freight  is  greatly  increased.  Of  course  only  a 
very  small  proportion  of  freight  requires  such  handling,  and  the 
business  of  a  yard  must  be  large  or  perhaps  of  a  special  character 
to  justify  and  pay  for  the  installation  of  such  a  mechanism. 
Figs.  '165  and  166  each  indicate  a  transfer  crane,  evidently  of  the 
fixed  type. 

299.  Track  scales.  The  location  of  these  should  be  on  one  of 
the  receiving  tracks  near  the  entrance  to  the  yard,  but  not  on  the 
main  track.  It  is  always  best  to  have  a  "dead  track"  over  the 
scales — i.e.,  a  track  which  has  one  rail  on  the  solid  side  wall  of 
the  scale  pit  and  the  other  supported  at  short  intervals  by  posts 
which  come  up  through  the  scale  platform  and  yet  do  not  touch 
it.  These  rails  and  the  regular  scale  rails  switch  into  one  track 
by  means  of  point  rails  a  few  feet  beyond  each  end  of  the  scales. 
The  switches  should  be  normally  set  so  that  all  trains  will  use 
the  dead  track,  unless  the  scales  are  to  bo  operated.  It  has  been 
found  possible  in  a  gravity  yard  to  weigh  a  train  with  very  little 
loss  of  time  by  running  each  car  slowly  by  gravity  over  the 
scales  and  weighing  them  as  they  pass  over. 

ENGINE    YARDS. 

300.  General  principles.  Engine  yards  must  contain  all  the 
tracks,  buildings,  structures,  and  facilities  which  are  necessary 
for  the  maintenance,  care,  and  storage  of  locomotives  and  for  pro- 
viding them  with  all  needed  supplies.  The  supplies  are  fuel, 
water,  sand,  oil,  waste,  tallow,  etc.  Ash-pits  are  generally  neces- 
sary for  the  prompt  and  economical  disposition  of  ashes;  engine- 
houses  are  necessary  for  the  storage  of  engines  and  as  a  place 
where  minor  repairs  can  be  quickly  made.  A  turn-table  is  an- 
other all  but  essential  requirement.  The  arrangement  of  all 
these  facilities  in  an  engine  yard  should  properly  depend  on  the 
form  of  the  yard.  In  general  they  should  be  grouped  together 
and  should  be  as  near  as  possible  to  the  place  where  through  en- 
gines drop  the  trains  just  brought  in  and  where  they  couple  on 
to  assembled  outgoing  trains,  so  that  all  unnecessary  running  light 
may  be  avoided.  In  Figs.  164  and  167  are  shown  two  designs 
which  should  be  studied  with  reference  to  the  relative  arrange- 
ment of  the  yard  facilities. 
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PASSENGER   TERMINALS. 

(Passenger  terminals  are  one  of  the  logical  subdivisions  of 
this  chapter,  but  their  construction  does  not  concern  one  engineer 
in  a  thousand.  The  local  conditions  attending  their  construction 
are  so  varied  that  each  case  is  a  special  problem  in  itself — a  prob- 
lem which  demands  in  many  respects  the  services  of  the  archi- 
tect rather  than  the  engineer.  The  student  who  wishes  to  pursue 
this  subject  is  referred  to  an  admirable  chapter  iir  "  Buildings  and 
Structures  of  American  Railroads,"  by  Walter  G.  Berg,  Chief 
Engineer  of  the  Lehigh  Valley  Railroad.) 


CHAPTER  XIV. 
BLOCK  SIGNALING. 
GENERAIi    PRINCIPLES. 

301.  Two  fundamental  systems.  Tho  growth  of  systems  of 
block  signalinfij  has  boon  enormous  within  the  last  few  years — 
both  in  the  amount  of  it  and  in  the  development  of  greater  per- 
fection of  detail.  The  development  has  been  along  two  general 
lines :  (a)  the  manual,  in  which  every  change  of  signal  is  the  re- 
sult of  some  definite  action  on  the  part  of  some  signalman,  but  in 
which  every  action  is  so  controlled  or  limited  or  subject  to 
the  inspection  of  others  that  a  mistake  is  nearly,  if  not  quite, 
impossible;  (?>)  the  automatic^  in  which  the  signals  are  oper- 
ated by  mechanism,  which  cannot  set  a  wrong  signal  as  long  as  the 
mechanism  is  maintained  in  proper  order.  The  fundamental 
principles  of  the  two  systems  will  be  briefly  outlined,  after 
which  the  chief  details  of  the  most  common  systems  will  be 
pointed  out. 

302.  Manual  systems.  Any  railroad  which  has  a  telegraph 
line  and  an  operator  at  all  regular  stations  may  (and  generally 
does)  operate  its  trains  according  to  the  fundamental  princi- 
ples of  the' manual  block  system  even  though  it  makes  no  claim 
to  a  block-signal  system.  The  basic  idea  of  such  a  system  is 
that  after  a  train  has  passed  a  given  telegraph-  or  signal-station, 
no  other  train  will  be  permitted  to  follow  it  into  that  "block" 
until  word  is  telegraphed  from  the  next  station  ahead  that  the 
first  train  has  passed  out  of  that  block.  With  a  double-track 
road  the  operation  is  very  simple;  trains  may  be  nm  at  short 
intervals  with  long  blocks;  with  an  average  speed  of  30  miles 
per  hour  and  blocks  5  miles  long,  trains  could  be  nm  on  a  ten 
minute  interval  (nearly),  A  road  with  any  such  traffic  would, 
of  course,  have  much  shorter  blocks,  and,  practically,  they 
would  need  to  be  considerably  shorter. 

With  a  sinfrlo-track  road  the  opoTixtum  is  much  more  complex, 
since  the  operator  must  keep  \iuxvs<.Al  uvloYwvci^  ol  \\v^  xaoNVb- 
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ments  of  the  trains  in  both  directions.  The  ratio  of  length  of 
block  to  train  interval  would  be  only  one  half  (and  practically- 
much  less  than  half)  what  it  could  be  with  a  double-track  road 
When  such  a  system  is  adhered  to  rigidly,  it  is  called  an  absolute 
block  system  But  when  operating  on  this  system,  a  delay  of 
one  train  will  necessarily  delay  every  other  train  that  follows 
closely  after.  A  portion,  if  not  all,  of  the  delay  to  subsequent 
trains  may  be  avoided,  although  at  some  loss  of  safety,  by  a 
system  of  permissive  blocking.  By  this  system  an  operator 
may  give  to  a  succeeding  train  a  "clearance  card"  which  j>er- 
mits  it  to  pass  into  the  next  block,  but  at  a  reduced  speed  and 
with  the  train  under  such  control  that  it  may  be  stopped  on 
very  short  notice,  especially  near  curves.  One  element  of  the 
danger  of  this  system  is  the  discretionary  power  with  which  it 
invests  the  signalmen,  a  discretion  which  may  be  wrongfully 
exercised.  A  modification  (which  is  a  fruitful  source  of  colli- 
sions on  single-track  roads)  is  to  order  two  trains  to  enter  a 
block  approaching  each  other,  and  with  instructions  to  pass 
each  other  at  a  passing  siding  at  which  there  is  no  telegraph- 
station.  When  the  instructions  are  properly  made  out  and 
literally  obeyed,  there  is  no  trouble,  but  every  thousandth  or 
ten  thousandth  time  there  is  a  mistake  in  the  orders,  or  a  mis- 
understanding or  disobedience,  and  a  collision  is  the  result.  The 
telegraph  line,  a  code  of  rules,  a  corps  of  operators,  and  sig- 
nals under  the  immediate  control  of  the  operators,  are  all  that 
is  absolutely  needed  for  the  simple  manual  system. 

303.  Development  of  the  manual  system.      One  great  diffi- 
culty with  the  simple  system  just  described  is  that  each  operator 
is  practically  independent  of  others  except  as  he  may  receive 
general  or  specific  orders  from  a  train-dispatcher  at  the  division 
headquarters.     Such  difficulties  are  somewhat  overcome  by  a 
very  rigid  system  of  rules  requiring  the  signalmen  at  each  station 
to  keep    the    adjacent    signalmen  or  the  train-dispatcher  in- 
formed of  the  movements  of  all  trains  past  their  own  stations. 
When  .these  rules  (which  are  too  extensive  for  quotation  here) 
are  strictly  observed,  there  is  but  little  danger  of  accident,  and 
a  neglect  by  any  one  to  observe  any  rule  will  generally  be  appar- 
ent to  at  least  one  other  man.     Nevertheless  the  safety  oi  <\^ccs\^ 
depends  on  each  signalman  doing  bin  duty,  aivd  a.\\\,V\^  c-'a:t^<5.^^ 
ness  or  forgetfulncss  on  the  part  of  any  one  rcvatv  tcv^n;  ce^vs?^^  ^ 
accident     The  signaling    between    statioiva   maij  V>Ci   ^o^^ 


326  RAILROAD   CONSTRUCTION.  §  303. 

ordinary  telegraphic  messages  or  by  telephone,  but  is  frequently 
done  by  electric  bells,  according  to  a  code  of  signals,  since  these 
inay  be  readity  learned  by  men  who  would  have  more  difficulty 
in  learning  the  Morse  code. 

In  order  to  have  the  signalmen  mutually  control  each  other, 
the  "controlled  manual"  system  has  been  devised.  The  first 
successful  system  of  this  kind  which  was  brought  into  exten- 
sive use  is  the  "Sykes"  system,  of  which  a  brief  description 
is  as  follows:  Each  signal  is  worked  by  a  lever;  the  lever  is 
locked  by  a  latch,  operated  by  an  electro-magnet,  which,  with 
other  neeessarj'  apparatus,  is  inclosed  in  a  box.  When  a  signal 
is  set  at  danger,  the  latch  falls  and  locks  the  lever,  which  cannot 
be  again  set  free  until  the  electro-magnet  raises  the  latch.  The 
magnet  is  energized  only  by  a  current,  the  circuit  of  which  is 
closed  by  a  "plunger"  at  the  next  station  ahead;  just  above 
the  plunger  is  an  "indicator,"  also  operated  by  the  current, 
which  displays  the  words  clear  or  blocked.  (There  are  varia- 
tions on  this  detail.)  When  a  train  arrives  at  a  block  station 
(A)f  the  signalman  should  have  previously  signaled  to  the  station 
ahead  {S)  for  permission  to  free  the  signal.  The  man  ahead  (B) 
pushes  in  the  "plimger"  on  his  instrument  (assuming  that  the 
previous  train  has  already  passed  him),  which  electrically  opens 
the  lock  on  the  lever  at  the  previous  station  (.4).  The  signal 
at  A  can  then  be  set  at  "safety."  As  soon  as  the  train  has 
passed  .4  the  signal  at  A  must  be  set  at  "  danger."  A  further 
development  is  a  device  by  which  the  mere  passage  of  the  train 
over  the  track  for  a  few  feet  beyond  the  signal  will  automati- 
cally throw  the  signal  to  "danger."  After  the  signal  once  goes 
to  danger,  it  is  automatically  locked  and  cannot  be  released 
except  by  the  man  in  advance  (J5),  who  will  not  do  so  until  the 
train  has  passed  him.  The  "indicator"  on  i?'s  instrument 
shows  "blocked"  when  A's  signal  goes  to  danger  after  the  train 
has  passed  A,  and  ^'s  plunger  is  then  locked,  so  that  he  can- 
not release  A*s  signal  while  a  train  is  in  the  block.  As  soon  as 
the  train  has  passed  A,  B  should  prepare  to  get  his  signals  ready 
by  signaling  ahead  to  C,  so  that  if  the  block  between  B  and  C 
is  not  obstructed,  B  may  have  his  signals  at  "safety"  so  that 
the  train  may  pass  B  without  pausing.  The  student  should 
note  the  ^eat  advance  in  safety  made  by  the  Sykes  system; 
a  signal  cannot  be  set  free  except  by  \\ve  com\yvw^d  «»Jct\on  of 
^jro  mesif  qn^  the  man  who  actwaUy  op^T«^\.e^  XV<i  ^\\Ra»\  w>^. 
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;he  other  the  man  at  the  station  ahead,  who  frees  the  signal 
jlectrically  and  who  by  his  action  certifies  that  the  block  im- 
nediately  ahead  of  the  train  is  clear.  ' 

A  still  further  development  makes  the  system  still  more  "  auto- 
natic"  (as  described  later),  and  causes  the  signal  to  fall  to  dan- 
ger or  to  be  kept  locked  at  danger,  if  even  a  single  pair  of  wheels 
;omes  on  the  rails  of  a  block,  or  if  a  switch  leading  from  a  main 
rack  is  opened. 

304.  Permissive  blocking.  ''Absolute''  blocking  renders  ac- 
ddents  due  to  collisions  almost  impossible  unless  an  engineer 
ims  by  an  adverse  signal.  The  signal  mechanism  is  .usually 
10  designed  that,  if  it  gets  out  of  order,  it  will  inevitably  fall  to 
'danger,"  i.e.,  as  described  later,  the  signal-board  is  counter- 
)alanced  by  a  weight  which  is  much  heavier.  If  the  wire  breaks, 
,he  counterweight  will  fall  and  the  board  will  assume  the  hori- 
;ontal  position,  which  always  indicates  "  danger."  But  it  some- 
imes  happens  that  when  a  train  arrives  at  a  signal-station,  the 
lignalman  is  unable  to  set  the  signal  at  safety.  This  may  be 
)ecause  the  previous  train  has  broken  down  somewhere  in  the 
lext  block,  or  because  a  switch  has  been  left  open,  or  a  rail  has 
)ecome  broken,  or  there  is  a  defect  of  some  kind  in  the  electrical 
connections.  In  such  cases,  in  order  to  avoid  an  indefinite 
>locking  of  the  whole  traffic  of  the  road,  the  signalman  may 
^ive  the  engineer  a  "caution-card"  or  a  "clearance  card," 
vhich  authorizes  him  to  proceed  slowly  and  with  his  train  imder 
jomplete  control  into  the  block  and  through  it  if  possible.  If 
le  arrives  at  the  next  station  without  meeting  any  obstruction 
t  merely  indicates  a  defective  condition  of  the  mechanism, 
vhich  will,  of  course,  be  promptly  remedied.  Usually  the  next 
section  will  be  found  clear,  and  the  train  may  proceed  as  usual, 
^n  roads  where  the  "controlled  manual"  system  has  received 
ts  highest  development,  the  rules  for  permissive  blocking  are 
\o  rigid  that  there  is  but  little  danger  in  the  practice,  unless 
here  is  an  absolute  disobedience  of  orders. 

305.  Automatic  systems.  By  the  very  nature  of  the  case, 
juch  systems  can  only  be  used  to  indicate  to  the  engineers  of 
rains  something  with  reference  to  the  passage  of  previous 
rains.     The  complicated  shifting  of  switches  and  signals  which. 

s  required  in  the  operation  of  yards  and  texroMvaXs  q,^\v  ca.\^  \i^ 
wcoznplJshed  by  "manual"  methods,  and  Wv'fc  oxX^  ^.x^XjOxaa^A^ 
iatures  of  these  methods  consist  in  t\ve  Tsi«e<i>Q»xa^^  ^Sixa"^^ 
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(electric  and  othen\nse),  which  "will  prevent  wrong  combina- 
tions of  signals.  But  for  long  stretches  of  the  road,  where  it 
is  only  required  to  separate  trains  by  at  least  one  block  length, 
an  automatic  system  is  generally  considered  to  be  more  reliar- 
ble.  As  expressed  forcil)ly  by  a  railroad  manager,  "an  auto- 
matic system  does  not  go  to  sleep,  get  drunk,  become  insane, 
or  tell  lies  when  there  is  any  trouble."  The  same  cannot  always 
be  said  of  the  employes  of  the  manual  system. 

The  basic  idea  of  all  such  systems  is  that  when  a  train  passes 
a  signal-station  {A),  the  signal  automatically  assumes  the  "dan- 
ger" position.  This  may  be  accomplished  electrically,  pneu- 
matically, or  even  bj'^  a  direct  mechanism.  When  the  train 
reaches  the  end  of  the  block  at  B  and  passes  into  the  next  one, 
the  signal  at  B  will  be  set  at  danger  and  the  signal  at  A  will  be 
set  at  safety.  The  lengths  of  the  blocks  are  usually  so  great 
that  the  only  practical^le  method  of  controlling  from  B  a 
mechanism  at  A  is  by  electricity,  although  the  actual  motive 
power  at  A  may  be  pneumatic  or  mechanical.  At  one  time 
the  current  from  A  to  B  was  carried  on  ordinary  wires.  This 
method  has  the  very  positive  advantage  of  reliability,  definite 
resistance  to  the  current,  and  small  probaljility  of  short-circuit- 
ing or  other  derangement.  But  now  all  such  systems  use  the 
rails  for  a  track  circuit  and  this  makes  it  possible  to  detect  the 
presence  of  a  single  pair  of  wheels  on  the  track  any^vhere  in  the 
block,  or  an  open  switch,  or  a  broken  rail.  Any  such  circum- 
stances, as  well  as  a  d(»fect  in  the  mechanism,  will  break  or 
short-circuit  the  current  and  will  cause  the  signal  to  be  set  at 
danger.  To  prevent  an  indefinite  blocking  of  traffic  o\snng  to 
a  signal  p^irsisteiitly  indicating  danger,  most  roads  employing 
such  a  system  have  a  rule  substantially  as  follows:  When  a  train 
finds  a  signal  at  danger,  after  waiting  one  minute  (or  more, 
depending  on  the  rules),  it  may  proceed  slowly,  expecting  to 
find  an  oljstruction  of  some  sort;  if  it  reaches  the  next  block 
without  finding  any  obstruction  and  finds  the  next  signal  clear, 
it  may  proceed  as  usual,  but  must  promptly  report  the  case  to 
the  superintendent.  Further  details  regarding  these  methods 
will  be  given  later.     See  §  310. 

306.  "Distant"  signals.     The   close   nmning   of  trains  that 
IS  reqiiiwd   on    }ie/i\'v-traflic    roads,    osp<»cially   where   several 
branches  conihino.  to  (»nt(»r  a  ct)u\\uoA\  Wt\\\\w'<\\.,  i\^^^^\\s^«&  Ibe 
use  of  very^  abort  blocks.      A  heavy  Udlyiv  iwwmw^  v^Jt  \a.^  «»5Wi^ 
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can  hardly  make 'a  "service"  stop  in  less  than  2000  feet,  while 
the  curves  of  a  road  (or  other  obstructions)  frequently  make 
it  difficult  to  locate  a  signal  so  that  it  can  be  seen  more  than  a 
few  hundred  feet  away.  It  would  therefore  be  impracticable 
to  maintain  the  speed  now  used  with  heavy  trains  if  the  engi- 
neer had  no  foreknowledge  of  the  condition  in  which  he  will 
find  a  signal  until  he  arrives  within  a  short  distance  of  it.  To 
overcome  this  difficulty  the  "distant"  signal  was  devised.  This 
is  placed  about  1800  or  2000  feet  from  the  "home"  signal,  and 
is  interlocked  with  it  so  that  it  gives  the  same  signal.  The  dis- 
tant signal  is  frequently  placed  on  the  same  pole  as  the  home 
signal  of  the  previous  block.  When  the  engineer  finds  the 
distant  signal  "clear,"  it  indicates  that  the  succeeding  home 
signal  is  also  clear,  and  that  he  may  proceed  at  full  speed  and 
not  expect  to  be  stopped  at  the  next  signal;  for  the  distant 
signal  cannot  be  cleared  until  the  succeeding  home  signal  is 
cleared,  which  cannot  be  done  until  the  block  succeeding  that 
is  clear.  A  clear  distant  signal  therefore  indicates  a  clear  track 
for  two  succeeding  blocks.  When  the  engineer  finds  the  distant 
signal  blocked,  he  need  not  stop  (providing  the  home  signal  is 
clear).  It  simply  indicates  that  he  must  be  prepared  to  stop 
at  the  next  home  signal  and  must  reduce  speed  if  necessarj'. 
It  may  happen  that  by  the  time  he  reaches  the  succeeding  home 
signal  it  has  already  been  cleared,  and  he  may  proceed  without 
stopping.  This  device  facilitates  the  rapid  running  of  trains, 
with  no  loss  of  safety,  and  yet  with  but  a  moderate  addition  to 
the  signaling  plant. 

307.  **Advance**  signals.  It  sometimes  becomes  necessary 
to  locate  a  signal  a  few  hundred  feet  short  of  a  regular  passen- 
ger-station. A  train  might  be  halted  at  such  a  signal  because 
it  was  not  cleared  from  the  signal-station  ahead — perhaps  a 
mile  or  two  ahead.  For  convenience,  an  "advance"  signal 
may  be  erected  immediately  beyond  the  passenger-staticn. 
The  train  will  then  be  permitted  to  enter  the  block  as  far  as 
the  advance  signal  and  maj'^  deliver  its  passengers  at  the  station. 
The  advance  signal  is  interlocked  with  the  home  signal  back 
of  it,  and  cannot  be  cleared  until  the  home  signal  is  cleared  and 
the  entire  block  ahead  is  clear.  In  one  sense  it  adds  another 
block,  but  the  signal  is  entirely  controlled  irorcv  Wve,  ^\^xv?\  ^V-aJOvo?^ 
back  of  it. 
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MECHANICAL   DETAILS. 

308.  Signals.  The  primitive  signal  is  a  mere  cloth  flag.  A 
better  signal  is  obtained  when  the  flag  is  suspended  iu  a  suit- 
able place  from  a  fixed  horizontal  support,  the  flag  weightec 
at  the  bottom,  and  so  arranged  that  it  may  be  drawn  up  anc 
out  of  sight  by  a  cord  which  is  run  back  to  the  operator's  office 
The  next  step  is  the  substitution  of  painted  wood  or  she6t  meta' 
for  the  cloth  flag,  and  from  this  it  is  but  a  step  to  the  standarc 
semaphore  on  a  pole,  as  is  illustrated  in  Fig.  168.  The  simple 
flag,  operated  for  convenience  with  a  cord,  is  the  signal  em- 
ployed on  thousands  of  miles  of  road,  where  they  perhaps  mak( 
no  claim  to  a  block-signal  system,  and  yet  where  the  trains 
are  run  according  to  the  fundamental  rules  of  the  simple  manual 
block  method. 

Semaphore  boards.  These  are  about  5  feet  long,  8  inches 
wide  at  one  end,  and  tapered  to  about  6  inches  wide  at  the  hinge 
end.  The  boards  are  fastened  to  a  casting  which  has  a  ring  tc 
hold  a  red  glass  which  may  be  swunc:  over  the  face  of  a  lantern, 
so  as  to  indicate  a  red  signal.  "Distant"  signal-boards  usually 
have  their  ends  notched  or  pointed;  the  "home"  signal-boards 
are  square  ended.  The  boards  arc  always  to  the  right  of  the 
hinge  when  a  train  is  approaching  them.  The  "home"  signals 
are  generally  painted  red  and  the  "distant"  signals  green, 
although  these  colors  are  not  invariable.  The  backs  of  the 
boards  are  painted  white.  Therefore  any  signal-board  which 
appears  on  the  left  side  of  its  hinge  will  also  appear  white,  and 
is  a  signal  for  traffic  in  the  opposite  direction,  and  is  therefore 
of  no  concern  to  an  engineman. 

Poles  and  bridges.  When  the  signals  are  set  on  poles,  they 
are  generally  placed  on  the  right-hand  side  of  the  track.  When 
there  arc  several  tracks,  four  or  more,  a  bridge  is  frequently 
built  and  then  each  signal  is  ovc^r  its  own  track.  When  switches 
run  off  from  a  main  track,  there  may  be  several  signal-boards 
over  one  track.  The  upper  one  is  the  signal  for  the  main  track 
and  the  lower  ones  for  the  several  switches.  In  Fig.  169  is 
shown  a  "bridge"  with  its  various  signal-boards  controlling  the 
several  tracks  and  tlw^  switches  running  off  from  thein. 
*' Banjo"  signals.  This  name  iv^  ^wew  \,o  ?l  iQ\w\  of  signal, 
illujstra^d  in  Fig.  170,  iu  \\l[uc\ilVie'mOJic^\\QX\.\a\,?^^\iVc«aiS5M 


{To  face  page  330.) 


Fig.  168. — Semaphohb*. 
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Fig.  170. — "  Banjo  '  Signals. 
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ilor  of  a  round  disk  inclosed  with  glass.  This  is  the  distinctive 
gnal  of  the  Hall  Signal  Company,  and  is  also  used  by  the 
'nion  Switch  and  Signal  Company.  The  great  argument  in 
[leir  favor  is  that  they  may  be  worked  by  an  electric  current 
f  low  voltage,  which  is  therefore  easily  controlled;  that  the 
lechanism  is  entirely  inside  of  a  case,  is  therefore  very  light, 
nd  is  not  exposed  to  the  weather.  The  argument  urged 
gainst  them  is  that  it  is  a  signal  of  color  rather  than  form 
r  'position^  and  that  in  foggy  weather  the  signal  cannot  be 
?en  so  easily;  also  that  unsuspected  color-blindness  on  the 
art  of  the  engineman  may  lead  to  an  accident.  Notwith- 
tanding  these  objections,  this  form  of  signal  is  used  on  thousands 
f  miles  of  line  in  this  country. 

309.  Wires  and  pipes.  Signals  are  usually  operated  by  levers 
1  a  signal-cabin,  the  levers  being  very  similar  to  the  reversing- 
jver  of  a  locomotive.  The  distance  from  the  levers  to  the  sig- 
als  is,  of  course,  very  variable,  but  it  is  sometimes  2000  feet, 
he  connecting-link  for  the  most  distant  signals  is  usually 
o.  9  wire;  for  nearer  signals  and  for  all  switches  operated 
•om  the  cabin  it  may  be  1-inch  pipe.  When  not  too  long,  one 
ipe  will  serve  for  both  motions,  forward  and  back.  When 
ires  are  used,  it  is  sometimes  so  designed  (in  the  cheaper  sys- 
?ms)  that  one  wire  serves  for  one  motion,  gravity  being  de- 
ended  on  for  the  other,  but  now  all  good  systems  require  two 
dres  for  each  signal. 

Compensators.  Variations  of  temperature  of  a  material  with 
s  high  a  coefficient  as  iron  will  cause  very  appreciable  differ- 
nce  of  length  in  a  distance  of  several  hundred  feet,  and  a 
angerous  lack  of  adjustment  is  the  result.  To  illustrate:  A 
all  of  60°  F.  will  change  the  length  of  1000  feet  of  wire  by 

1000 X 60 X. 0000065  =0.39  foot=4.68  inches. 

i  much  less  change  than  this  will  necessitate  a  readjustment 
f  length,  unless  automatic  compensators  are  used.  A  com- 
•ensator  for  pipes  is  very  readil}'  made  on  the  principle  illus- 
rated  in  Fig.  171.  The  problem  is  to  preserve  the  distance 
•etween  a  and  d  constant  regardless  of  the  temperature.  Place 
he  compensator  half-way  between  a  and  d,  or  so  that  ab=cd, 
^  fall  of  temperature  contracts  ab  to  ab\  Moving  b  to  6'  will 
ause  c  to  move  to  r',  in  which  bb'  =  cc\  But  cd  has  also  short- 
ned  to  c'd]  therefore  d  remains  fixed  in  posvtiou,    l^Q  ^:^^>^ 
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too  great.  ang\ilar  motion,  one  such  compensator  should  be  used 
for  each  500  feet.  If  a  line  1(K)0  feet  long  is  to  be  provided 
for,  two  compensators  would  be  used,  250  feet  from  each  end. 
Note  that  in  operating  through  a  compensator  the  direction 
of  motion  changes;  i.e.,  if  a  moves  to  the  right,  d  moves  to  the 
left,  or  if  there  is  compression  in  ab  there  is  tension  in  cd,  and 


1/  b 


Fig.  171. — Standard  Pipe  Compensator. 

vice  versa.  Therefore  this  form  of  compensator  can  only  be 
\ised  with  pipes  which  will  withstand  compression.  It  has 
seemed  impracticable  to  design  an  equally  satisfactory  com- 
pensator for  wires,  although  theni  are  several  designs  on  the 
market. 

Guides  around  curves  and  angles.  When  wires  are  required 
to  pass  around  curves  of  large  angle,  pulleys  are  used,  and  a 
length  oV  chain  is  substituted  for  the  wire.  For  pipes,  when 
the  curve  is  easy  the  pipes  are  slightly  bent  and  are  guided 
through  pulleys.  When  the  angle  is  sharper,  "angles"  are 
used.  The  operation  of  thes<^  details  is  self-evident  from  an 
inspection  of  I'ig.  172. 
JIG.  Track  circuit  for  automatic  s\?,ivaYvTv^,  T\v&  several 
systems  of  automatic  signaling  ditter  \i\  \\\e  rcvvwox  ^<i\»j^ft,>aN5X 
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nearly  all  of  them  agree  in  the  following  particulars.  A  curent 
of  low  potential  is  run  from  a  l>attery  at  one  end  of  a  section 
through  one  line  of  rails  to  the  other  end  of  the  section,  then 
through  a  relay,  and  then  back  to  the  battery  through  the  other 


Fia.  172. — DBPLECTiNa-RODS. 


line  of  rails.  To  avoid  the  excessive  resistance  which  would 
occur  at  rail  joints  which  may  become  badly  rusted,  a  wire 
suitably  attached  to  the  rails  is  run  around  each  joint.  In 
order  to  insulate  the  rails  of  one  section  from  the  rails  at  either 
end  and  yet  maintain  the  rails  structurally  continuous,  the 
end»  of  the  rails  at  these  dividing  points  are  separated  by  an 
insulator  and  the  joint  pieces  are  either  made  of  wood  or  have 
some  insulating  material  placed  between  the  rails  and  the  ordi- 
nary metal  joint.  The  bolts  must  also  be  insulated.  When 
the  relay  is  energized  by  a  current,  it  closes  a  local  circuit  at 
the  signal-station,  which  will  set  the  signal  there  at  "safety." 
The  resistance  of  the  relay  is  such  that  it  requires  nearly  the 
whdie  current  to  work  it  and  to  keep  the  local  circuit  closed. 
Therefore,  when  there  is  any  considerable  loss  of  current  from 
one  rail  to  the  other,  the  relay  will  not  be  sufficiently  energized, 
the  local  circuit  will  be  broken,  and  the  signal  will  automatically 
fall  to  danger.  This  diversion  of  current  from  one  rail  to  the 
other  before  the  current  reaches  the  relay  may  be  caused  in 
several  ways:  the  presence  of  a  pair  of  wheels  on  the  rails  any- 
where in  the  section  will  do  it;  also  the  breakage  of  a  rail;  also 
the  opening  of  a  switch  anywhere  in  the  section ;  also  the  pres- 
ence of  a  pair  of  wheels  on  a  siding  between  the  "  fouling  point" 
and  the  switch.  (The  "fouling  point"  of  a  siding  is  that  ^ovc^ 
where  the  rails  first  commence  to  appxoaeVv  Wie,  \usijvw  Vt^<iN5->> 
In  Fig.  173  is  ghown  all  of  the  above  deAa\\?i,  a.^  N»i^^  ^'^  '^'=^^>^ 
others.     At  A,  B,  and  the  ''fouling  pomt"   c^xc;  %\va^xv  ^Xn&  ^^- 
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sulatod  joints.  The  batteries  and  signals  are  arranged  for 
train  motion  to  the  right.  When  a 
train  has  passed  the  points  near  A, 
where  the  wires  leave  the  rails  for 
the  relay,  the  current  from  the  "track 
battery"  at  B  will  pass  through  the 
wheels  and  axles,  and  although  no 
electrical  connection  is  broken,  so 
much  current  will  be  shunted  through 
the  wheels  and  axles  that  the  weak 
current  still  passing  through  the  relay 
is  not  strong  enough  to  energize  it 
against  its  spring  and  the  "signal- 
magnet"  circuit  is  broken,  and  the 
signal  A  goes  to  "danger."  At  the 
turnout  the  rails  between  the  foul- 
ing point  and  the  switch  are  so  con- 
nected (and  insulated)  that  a  pair  of 
wheels  on  these  rails  will  produce  the 
same  effect  as  a  pair  on  the  main 
track.  This  is  to  guard  against  the 
effect  of  a  car  standing  too  near  the 
switch,  even  though  it  is  not  on  the 
main  track.  When  the  train  pasaefl 
7?,  if  there  is  no  other  interruption 
of  the  current,  the  track  battery  at 
B  again  lenergizes  the  relay  at  A, 
the  signal-magnet  circuit  at  A  is 
closed,  and  the  signal  is  drawn  to 
"safety." 

(The  present  edition  has  omitted 
several  subdivisions  of  this  general 
subject,  notably  the  "staff  system," 
used  chiefly  in  England,  and  all  dis- 
cussions of  "interlocking"  which  is 
an  essential  feature  of  the  opera- 
tion of  large  terminal  yards.  A  future 
edition  may  supply  these  deficiencies, 
althougli  an  exhaustive  treatment  of 
the  subject  o^  'i^x^x^aXm^^cMld  require 
Fio,  173.  a  separate  \o\\xme.^ 
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ROLLING-STOCK. 


(It  is  perhaps  needless  to  say  that  the  following  chapter  is 
in  no  sense  a  course  in  the  design  of  locomotives  and  cars.  Its 
chief  idea  is  to  give  the  student  the  elements  of  the  construc- 
tion of  those  vehicles  which  are  to  use  the  track  which  he  may 
design — to  point  out  the  mutual  actions  and  reactions  of  vehicle 
against  track  and  to  show  the  effect  on  track  wear  of  varia- 
tions in  the  design  of  rolling-stock.  The  most  of  the  matter 
given  has  a  direct  practical  bearing  on  track-work,  and  it  is  con- 
sidered that  all  of  it  is  so  closely  related  to  his  work  that  the 
civil  engineer  may  study  it  with  profit.) 


WHEELS   AND   RAILS. 

311.  Effect  of  rigidly  attaching  wheels  to   their  axles.     The 
wheels  of  railroad  rolling-stock    are  invariably  secured  rigidly 
to  the  axles,  which  therefore  revolve  with  the  wheels.     The 
chief  reason  for  this  is  to  avoid  excessive  wear 
between  the  axles  and  the  wheels. 

Any  axle  must  always  be  somewhat  loose  in 
its  journals.  A  sidewise  force  P  (see  Fig.  174) 
acting  against  the  circumference  of  the  wheel 
will  produce  a  much  greater  pressure  on  the 
axle  at  S  and  S\  and  if  the  wheel  moves  on 
the  axle,  the  wear  at  S  and  S^  will  be  exces- 
sive. But  when  the  axle  is  fitted  to  the  wheel 
with  a  "forced  fit"  and  does  not  revolve, 
the  mere  pressure  produced  at  5  is  harmless. 
When  two  wheels  are  fitted  tight  to  an  axle, 
as  in  Fig.  175,  and  the  axle  revolves  in  the  jour-  Fig.  174. 

nals  na,  a  sidewise  pressure  of  the  rail  against  the  ^V^e,^  ^"axv^^ 
w^ill  only  produce  a  slight  and  harnnless  mcTca'aei  ol  \X\&  \Qi>M:^^ 
pressure  Q,  although  at  Q  there  is    sVidmg,   eowVa.eV.     ^^vs^- 
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ing  action  in  the  journals  is  thus  practically  avoided,  since  a 
small  pressure  at  the  journal-boxes  at  each  end  of  the  axle 
suffices  to  keep  the  axle  truly  in  line. 


a  = 

J 


FiQ.  175. 


On  the  other  hand,  when  the  wheels  are  rigidly  attached  to 
their  axles,  both  wheels  must  turn  together,  and  when  rounding 
curves,  the  inner  rail  being  shorter  than  the  outer  rail,  one 
wheel  must  slip  b}*^  an  amoimt  equal  to  that  difference  of  length. 
1'he  amount  of  this  slip  is  readily  computable : 


o_  .o 

Longitudinal  slip=^^jo('*2-'*i)  = 


27:g 


300' 


X  =  C'«°,    .     (136) 


in  which  C  is  a  constant  for  any  one  gauge,  and  g=  the  track 
gauge  =  (r2—ri).  For  standard  gauge  (4.708)  the  slip  is  .08218 
foot  per  degree  of  central  angle.  This  shows  that  the  longitu- 
dinal slipping  around  any  curve  of  any  given  central  angle  will 
bo  indepcnxlent  of  the  degree  of  the  curve.  The  constant  (.08218) 
here  given  is  really  soincnvhat  too  small,  since  the  true  gauge 
that  should  be  considered  is  tlie  distance  between  the  lines  of 
tread  on  the  rails.  This  distance  is  a  fc-omewhat  indeterminate 
and  variable  quantity,  and  probably  averages  4.90  feet,  which 
would  increase  the  constant  to  .086.  The  slipping  may  occur 
by  the  inner  wheel  slipping  ahead  or  the  outer  wheel  slipping 
back,  or  by  both  wheels  slipping.  Tlie  total  slipping  will  bo 
constant  in  any  case.  The  slipping  not  only  consumes  power, 
but  wears  both  th(i  wheels  and  the  rail.  But  even  these  dis- 
advantages are  not  suflicient  to  offset  tlui  advantages  resulting 
from  rigid  wheels  and  axles. 
J 12,  Effect  of  parallel  axles.  Trucks  an;  made;  with  two  or 
fJirce  parallel  nxhs  (excej)t  as  noted  \v\V^^t\  \\\  wdv^r  that  the 
axles  shall  niutually  guide  cacU  ol\\er  a\\d U^  Vv^v^^  ^^^^v^^ ^^^^oaaJy^^ 
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perpendicular  to  the  rails.  If  the  curvature  ie  very  sharp  aod 
the  wheel-base  comparatively  long  (as  is  notably  the  ca^e  em 
street  railways  at  street  comers),  the  front  and  rear  wheels 


ihM 


Fig.  177.  Fig.  178. 

wUl  stand  at  the  same  angle  (a)  with  the  track,  as  shown  in 
Fig.  177.  But  it  has  been  noticed  that  for  ordinary  degrees  of 
curvature,  the  rear  wheels  stand  radial  to  the  curve  (see  Fig. 
178),  and  for  steam  railroad  work  this  is  the  normal  case.  When 
the  two  parallel  axles  are  on  a  curve  (as  shown),  the  wheels  tend 
to,  run  in  a  straight  line.  In  order  that  they  shall  run  on  a  curve 
they  must  slip  laterally.  The  principle 
is  illustrated  in  an  exaggerated   form  in  J^<''' 

Fig.  179.     The  wheel  tends  to  roll  from  a  '^^»'''^\  , 

toward  h.     Therefore  in  passing  along  the       ^^-^ 
track  from  a  to  c  it  must  actually  slip  late- ''' 
rally  an  amount  he  which  equals  ac  sin  a.  ^^°-  ^'^^* 

Let  ^=length  of  the  wheel-base  (Figs.  177  and  178);  r=^ radius 
of  curve;  then  for  the  first  case  (Fig.  177),  sina  =  ^H-2r;  for 
the  second  and  usual  case  (Fig.  178),  sin  a  =  t-^r;  for  ^=5  feet 
and  r=radius  of  a  1°  curve,  a=()°03'  for  the  second  case,  a 
varies  (practically)  as  the  degree  of  curve.  The  lateral  slipping 
per  unit  of  distance  traveled  therefore  e(|uals  sin  a.  As  an 
illustration,  given  a  5-foot  wheel-base  on  a  5°  curve,  a  =  0°  15', 
sin  a  =  .00436,  and  for  each  100  feet  traveled  along  the  curve 
the  lateral  slip  of  the  front  wheels  would  be  0.436  foot.  There 
would  be  no  lateral  slipping  of  the  rear  wheels,  assuming  that 
the  rear  axle  maintained  itself  radial. 

From  the  above  it  might  be  inferred  that  the  flanges  of  the 
foi-ward  wheels  will  have  niucli  greater  wear  than  tlvo^fc  c>*v  ^^^ 
rear  Avhe(*ls.     Since   cars  are  drawn  iu  V)o\\v  diYeeWow?*  \:iv^c>\iX. 
equally,  no  clifforcncc  in  flange  wear  duo  to  UVa^  ca.\3L"!^e^  n\'^  oe^>^:^i 
but  locomotives  (except  switching-engines)  rwiv  Io^nm^^^  t^XvcwO'; 


338 


RAILROAD   CONSTRUCTION, 


§313. 


exclusively,  and  the  excess  wear  of  the  front  wheels  of  the  pilot- 
and  tender-trucks  is  plainly  obs<Tvahle. 

For  a  given  curve  the  angle  a  (and  the  accompanying  resist- 
ance) is  evidently  greater  the  greater  the  distance  between 
the  axles.  On  the  other  hand,  if  the  two  axles  are  very  close 
together,  there  will  be  a  tendency  for  the  truck  to  twist  and 
the  wheels  to  become  jammed,  especially  if  there  is  consider- 
al)le  play  in  the  gauge.  The  flang(^  friction  would  be  greater 
and  would  perhaps  exceed  the  saving  in  lateral  slipping.  A 
general  rule  is  that  the  axles  should  never  be  closer  together 
than  the  gauge. 

Although  the  slipping  per  unit  of  length  along  the  curve  varies 
directly  as  the  degree  of  curvature,  the  length  of  curve  necessary 
to  pass  between  two  tangents  is  inversely  as  the  degree  of  curve, 
and  the  total  slipping  between  the  two  tangents  is  independent 
of  the  degree  of  curve.     Thenjfore  when  a  train  passes  between 

two  tangents,  the  total  slipping 
of  the  wheels  on  the  rails,  lon- 
gitudinal and  lateral,  is  a  quantity 
which  depends  only  on  the  central 
angle  and  is  independent  of  the 
radius  or  degree  of  curve. 

313.  Effect    of    coning    wheels. 
The  whec^ls  are  always  set  on  the 
axle  so  that  there  is  some  "play" 
or   chance  for  lateral  motion   /be- 
tween   the  wluH4-flangcs  and  the 
rail.     The  treads  of  the  wheel  are 
also  "  coned."  This  coning  and  play 
of  gauge  are  show  n  in  an  exagger- 
ated form  in  V\g.  180.     When  the 
wheels  are  on  a  tangent,  although  there  will  be  occasional  oscil- 
lations from  side  to  side,  the  normal  position  will  be  the  sym- 
metrical position  in  which  the  circles  of  tread  66  are  equal. 
When  centrifugal  force  throws  the  wheel-flange  against  the  rail, 
the  circle  of  tread  a  is  larger  than  h,  and  much  larger  than  c] 
therefore  the  wheels  Avill  tend  to  roll  in  a  circle  whose  radius 
equals  the  slant  height  of  a  cone  whose  elements  would  pass 
through  the  unequal  circles  a  and  c.    11  W\k  Tadius  equaled  the 
radius  of  the  track,  and  if  the  iix\e-  wero  ixL-c  Vo  •A.^?^\lvcvc;  ^lt^j^m^ 
position,  the  wheels  would  roll  ireeVy  oi\  t\\e  ^^\\^  V\V>ao\i\.  wsj 
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slipping  or  flange  pressure.  Under  such  ideal  conditions, 
coning  would  bo  a  valuable  device,  but  it  is  impracticable  to 
have  all  axles  radial,  and  the  radius  of  curvature  of  the  track 
is  an  extremely  variable  quantity.  It  has  been  demonstrated 
that  with  parallel  axles  the  influence  of  coning  diminishes  as 
the  distance  between  the  axle  increases,  and  that  the  effect  is 
practically  inappreciable  when  the  axles  are  spaced  as  they  are 
on  locomotives  and  car-trucks.  The  coning  actually  used  is 
very  slight  (see  Chapter  XV,  §*  332)  and  has  a  different  object. 
It  is  so  slight  that  even  if  the  axles  were  radial  it  would  only 
prevent  the  slipping  on  a  very  light  curve — say  a  1°  curve. 

314.  Effect  of  flanging  locomotive  driving-wheels.  If  all  the 
wheels  of  all  locomotives  were  flanged  it  would  be  practically 
impossible  to  run  some  of  the  longer  types  around  sharp  curves. 
The  track-gauge  is  always  widened  on  curves,  and  especially 
on  sharp  curves,  but  the  widening  would  need  to  be  excessive 
to  permit  a  consolidation  locomotive  to  pass  around  an  8°  or 
10°  curve  if  all  the  drivers  were  flanged.  The  action  of  the 
wheels  on  a  curve  is  illustrated  in  Figs.  181,  182,  and  184.  All 
small  truck-wheels  are  flanged.  The  rear  drivers  are  always 
flanged  and  four-driver  engines  usually  have  all  the  drivers 
flanged.  Consolidation  engines  have  only  the  front  and  rear 
drivers  flanged.  Mogul  and  ten-wheel  engines  have  one  pair 
of  drivers  blank.  On  Mogul  engines  it  is  always  the  middle 
pair.  On  ten-wheel  engines,  when  used  on  a  road  having  sharp 
curves,  it  is  preferable  to  flange  the  front  and  rear  driving- 
wheels  and  use  a  ** swing  bolster"  (see  §  315);  when  the  curva- 
ture is  easy,  the  middle  and  rear  drivers  may  be  flanged  and 
the  truck  made  with  a  rigid  center.  The  blank  drivers  have 
the  same  total  width  as  the  other  drivers  and  of  course  a  much 
wider  tread,  which  ena})les  these  drivers  to  remain  on  the  rail, 
even  though  the  curvature  is  so  sharp  that  the  tread  overhangs 
the  rail  considerably. 

315.  Action  of  a  locomotive  pilot-truck.  The  purpose  of 
the  pilot-truck  is  to  guide  the  front  end  of  a  locomotive  around 
a  curve  and  to  ^e]io^'o  the  otherwise  excessive  flange  pressure 
that  would  be  exerted  against  the  driver-flanges.  There  are 
two  classes  of  pilot-trucks — (a)  those  having  fixed  centers  and 
(h)  those  having  shifting  centers.  This  seeowd  c\sj?>9»  \"?s  ^^j^^^xv 
subdivided  into  two  classes,  which  are  Tad\c9\\y  ^\'R^^:w^*^'  ^'^ 
ihelr  action— (dj)  four-wheeled  trucks  Viavm^  two  \>^ts^^^^  ^^sN.«s> 
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and  (62)  two-wheeled  trucks  which  are  guided  by  a  "racfius- 
bar.'*  The  action  of  the  four-wheeled  fixed-centered  truck  (a) 
is  shown  in  Fig.  ISl.     Since  the  center  of  the  truck  is  forced 


Fig.  181. — Fixed  Center  Pilot-truck. 
to  be  in  the  center  of  the  track,  the  front  drivers  are  drawn 
away  from  the  outer  rail.     The  rear  outer  driver  tends  to  roll 
away  from  the  outer  rail  rather  than  toward  it,  and  so  the  effect 


Fig.  182. — Four-wheeled  Truck — Shifting  Centbb. 

of  the  tnick  is  to  relieve  the  driver-flanges  of  any  excessive 
pressure  due  to  curvature.  The  only  exception  to  this  is  the 
case  where  the  curvature  is  sharp.  Then  the  front  inner  driver 
may  be  pressed  against  the  inner  rail,  as  indicated  in  Fig.  181. 

This  limits  the  use  of  this  type  of 
wheel-ljase  on  the  sharper  curvfes. 
The  next  type— (?)i)  four-wheeted 
trucks  with  shifting  centers — ^is 
much  more  flexible  on  sharp 
curvature;  it  likewise  draws  the 
front  drivers  away  from  the  outer 
rail.  The  relative  position  of  the 
wheels  is  shown  in  Fig.  182,  in 
which  c'  represents  the  position 
of  center-pin  and  c  the  displaced 
truck  center.  The  structure  and 
action  of  the  truck  is  shown  ill 
Fis:.  1S3.  The  "center-pin"  (1)  is 
supported  on  the  "truck-bolstor"  C?"),  ^^'^^C!\v  \^  Vww^  \i^  the 
''Jinks''  (4)  fvoin  tlic  "cross-tiea"  ^^V    T\\vi\\T^^^T^Wet^lWi 


Fig.  183. — Action  of  Siiutixg 
Centkh. 


I  315. 


BOWONGtSTOGK. 


m 


in  tension  anji  when  the  "wjieels  ai;e  forced  to  one  side  by  the 
rails  the  links  are  incliaed  and  the  front  of  the  engine  is 
drawn  inward  by  a  force  equal  to  the  weight  on  the  bolster 
times  tjie  tangent  of  the  angle  of  inclination  of  the  links.  This 
assumes  that  all  links  are  vertical  when  the  truck  is  in  the 
center.  Frequently  the  opposite  links  are  normally  inclined  to 
each  other,  which  somewhat  complicates  the  above  simple  relation 
of  the  forces,  although  the  general  principle  remains  identical. 

The   two-wheeled    pilot-truck   with   shifting   center   is   illus- 
trated in  Fig.  184.     The  figure  shows  the  facility  with  which 


Fig.  184. — Two-wheeled  Truck — Shifting  Center. 
an  engine  with  long  wheel-base  may  be  made  to  pass  around 
a  comparatively  sharp  curve  by  omitting  the  flanges  from  the 
middle  drivers  and  using  this  form  of  pilot-truck.  As  in  the 
previous  case,  the  eccentricity  of 
the  center  of  the  truck  relative 
to  the  center-pin  induces  a  cen- 
•tripetal  force  which  draws  the 
■front  of  the  engine  inward.  But 
the  swing- truck  is  not  the  only 
source  of  such  a  force.  If  the 
"radius-bar  pin"  were  placed  at  0'  (see  Fig.  185),  the  truck- 
axle  would  be  radial.  But  the  radius-bar  is  always  made  some- 
what shorter  than  this,  and  the  pin  is  placed  at  0,  a  considerate 
distance  ahead  of  O',  thus  creating  a  tendency  for  the  tnick 
to  run  toward  the  inner  rail  and  draw  the  front  of  the  loco- 
motive in  that  direction.  This  tendency  will  be  objectionably 
great  if  the  radius-bar  is  made  too  short,  as  has  been  practically 
demonstrated  in  cases  when  the  radius-bar  has  been  subse- 
quently lengthened  with  a  resulting  improvement  in  the  running 
of  the  engine. 


Fig.  185. — Action  of  Two- 
whkeled  Truck. 
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LOCOMOTIVES. 
GENERAL    STRUCTURE. 


316.  Frame.  The  frame  or  skeleton  of  a  locomotive  con- 
sists chiefly  of  a  collection  of  forged  wrought-iron  bars,  as 
shoA^-n  in  Figs.  186  and  187.     These  bars  are  connected  at  the 


Fio.  186. — Engine-frame. 

front  end  by  the  "bumper"  (c),  which  is  usually  made  of  wood. 
A  little  further  back  they  are  rigidly  connected  at  hb  by  the 
cylinders  and  boiler-saddle.  The  boilers  rest  on  the  frames 
at  aa-aa  by  means  of  "  pads,"  which  arc  bolted  to  the  fire-box, 
but  which  permit  a  free  expansion  of  the  boiler  along  the  frame. 
This  expansion  is  sometimes  as  much  as  -/g".  On  a  "con- 
soUdation"  engine  (frame  shown  in  Fig.  187)  it   is  frequently 


Fig.  187. — Engine-frame — Consolidation  Type. 

necessary  to  use  vertical  swing-levers  about  12"  long  instead 
of  "pads."  The  swinging  of  the  levers  permit  all  necessaiy 
expansion.  At  the  back  the  frames  are  rigidly  connected  by 
the  iron  "foot-plate."  The  driving-axles  pass  through  the 
"jaws"  d<1dd,  which  hold  the  axle-boxes.  The  frame-bars 
have  a  width  (in  plan)  of  3"  to  4".  The  depth  (at  a)  is  about 
the  .*?ame.  Fig.  18G  shows  a  frame  for  an  "American"  type 
of  locomotive;  Fig.  187  shows  a  frame  for  a  '*  Cbnsolidation" 
type  (see  §  323). 

317.   Boiler.     A  boiler  is.  a  mechanism  for  transferring  the 
latent  heat  of  fuel  to  wat^r,  so  that  the  water  is  transformed 
from  cold  water  into  high-pressure  steam,  which  by  its  expan- 
sion Anil  perfonn  work.      The  efficiency  of  the  boiler  depends 
largely  on  its  ability  to  do  its  work  rapidly  and  to  reduce  to 
a  minimum  the  waste  of  heat  through  radiation.     The  boiler 
contains  a  Bre-hox  (see  Fig.  188),  in  which  the  fuel  is  burned. 
The  gases  of  consumption  pass  ?Torc\  \\\c  ^x^-V^cv^  through  the 
numerous  boiler-tubes  into  the  "smoke-hox''  S  vm^  wxX,  Vtvxwv^ 
the  smoke-stack.     The  firc-V)ox.  consi^l^  ol  axv  YMaex  ^sA  <ss\\fcv 
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shell  separated  by  a  layer  of  water  about  3"  thick.  The  ex- 
posure of  water-surface  to  the  influence  of  the  fire  is  thus  very 
coniplote.  The  efficiency  of  this  transferal  of  heat  is  somewhat 
indicated  by  the  fact  that,  although  the  temperature  of  the 
gnses  in  the  fire-box  is  probably  from  3000°  to  4000°  F.,  the 
temperature  in  the  smoke-box  is  generally  reduced  to  500°  to 


Fio.  188. — LocoMomrE-BoiLER. 
600°  F.  If  the  steam  pressure  is  180  lbs.,  the  temperature  of 
the  water  is  about  380°  F.,  and,  considering  that  heat  will  not 
pass  from  the  gfis  to  the  water  unless  the  gas  is  hotter  than  the 
water,  the  water  evidently  absorbs  a  large  part  of  the  theo- 
retical maximimi.  Nevertheless  gases  at  a  temperature  of 
600°  F.  pass  o\it  of  the  smoke-stack  and  such  heat  is  utterly 
wasted. 

The  tubes  vary  from  Ij"  to  2",  inside  diameter,  with  a  thick- 
ness of  about  O'MO  to  0'M2.  The  aggregate  cross-sectional 
area  of  the  tubes  should  be  al)out  one  eighth  of  the  grate  area. 
The  number  will  vary  from  140  to  250.  They  are  made  as  long 
as  possible,  but  the  length  is  virtually  determined  by  the  type 
and  length  of  engine. 

318.  Fire-box.  The  fire-box  is  surroimded  by  water  on  the 
four  sides  and  the  top,  but  since  the  water  is  subjected  to  the 
boiler  pressure,  the  plates,  which  are  al^out  /j"  thick,  must  be 
stayed  to  prevent  the  fire-box  from  collapsing.  This  is  easily 
accomplished  over  the  larger  part  of  the  fire-box  surface  by 
having  the  outside  boiler-plates  parallel  to  the  fire-box  platea 
and  separated  from  them  by  a  space  oi  a\^o\\\<  *?»  * .  "Wv^  ^^ivR»» 
are  then  mutually  licM  by  ''^  stay-boUs."  ^,eV\?..V^^.  ^\>s^ 
are  about  j''  iii  d/aiueter  and  spaced  4"  to  4Y'  •    "^^^  ^^'  ^'^'^ 
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drilled  IJ"  deep,  indicated  in  the  figure,  will  allow  the  escape 
of  steam  if  the  bolt  breaks  just  behind  the  plate,  and  thus  calls 
attention  to  the  break.  The  stay-bolts  are  turned  down  to  a 
diameter  equal  to  that  at  the  root  of  the  screw-threads.  This 
method  of  supporting  the  fire-box  sheets  is  used  for  the  two 
sides,  the  entire  rear,  and  for  the  front  of  the  fire-box  up  to  the 
boiler-barrel.  The  "furnace  tube-sheet *' — the  upper  part  of 
the  front  of  the  fire-box — is  stayed  by  the  tubes.  But  the  top 
of  the  fire-l)ox  is  troublesome.  It  must  alw^ays  be  covered 
with  water  so  that  it  will  not  be  "burned"  by  the  intense  heat. 
It  must  therefore  be  nearly,  if  not  quite,  flat.  There  are  three 
general  methods  of  accomplishing  this. 


Fia.  189. 


Fio.  190. 


(a)  Radial  stays.  This  constnirtion  is  indicated  in  Fig.  190. 
Incidentally  there  is  also  shown  the  diagonal  braces  for  resist^ 
ing  the  pressure  on  the  hack  end  of  the  boiler  above  the  fire- 
box. It  may  be  soon  that  the  stays  are  not  perpendicular  to 
either  the  crown-sheet  or  the  boilor-plate.  This  is  objection- 
able and  is  obviated  by  the  other  methods. 

(b)  Crown-bars.  These  bars  are  in  pairs,  rest  on  the  side 
furnace-plates,  and  are  further  supportexl  by  stays.  See  Fig. 
191. 

(c)  Belpaire  fire-box.  The  boilor  above  the  fire-box  is  rect- 
angular, \\dth  rounded  corners.      The  stays  therefore  arc  per- 

pendicular  to  the  plates.     See  Fig.  192. 
F/re- brick  arches.     Ther^e  are  used,  as  a\iQwiv  *\a.  Yv^t,.  V^*}*,  \ft 
force  all  the  gases  to  circulate  tYirougVitVie  "vr^peT  ^^tV,  ol  V:t»  ter 
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box.  Perfect  combustion  requires  that  all  the  carbon  shaU  be 
turned  into  carbon  dioxide,  and  this  is  facilitated  by  the 
forced  circulation. 


Water-tables.     The  same  object  ia  attavived\i7  Ax^ixv^^^^*^"^* 
'sbU  instead  of  a  brick  arch— aa  shovrn  m  ¥\fe.  V^^-    -^xxV^^^^ 
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the  Turther  advantages  of  giving  additional  heating-surface  and 
avoiding  the  continual  expense  of  maintaining  the  bricks.     One 


Fig.  192. — "Belpaire"  Fire-box. 
Half-section  through  AB.  Half-section  throuRh  CD. 

feature  of  the   design   is  the  use   of  a  number  of  steam-jets 
which  force  air  into  the  fire-box  and  assist  the  combustion. 


•EBllWt  0^  TUBf  8 


Fio.   1  93. — Fire-brick  Arch. 


FiQ.  194. — WooTTEN  Fire-box. 


Area.  Fire-boxes  are  usually  limited  in  width  to  the  prac- 
ticable width  between  the  wheels — thus  gi\'ing  a  net  inside 
width  of  about  3  feet  and  a  maximum  length  of  10  to  11  feet — 
this  })oing  a})out  the  maximum  distance  over  which  the  firemen 
can  properly  control  the  fire.  About  37  square  feet  is  the 
maxinunn  area  o))tainal)le  except  when  the  "Wootten"  fire- 
box is  used — illustrated  in  Fig.  194.  Here  the  grate  is  raised 
above  the  diivinj^-wheols  and  has  (in  the  case  shown)  a  width 
of  8'  05".  The  fire-box  area  is  over  76  square  feet.  Note  that 
two  furnace-doors  are  used. 

Q.    Coal   consumption.     No   form   of  steam-boiler   (except 
a  boiler  [or  a  steam  fire-cngme")  Tec\vi\Tc^  as  t^^Jv^  \swA\sfitioii 
of  steam,  considering  the  size  oi  lYife  \)Q?v\st  wi^  toAjWL^  ^  *. 
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locomotive.  The  combustion  of  coal  per  square  foot  of  grate 
per  hour  for  stationary  boilers  averages  about  15  to  25  lbs.  and 
seldom  exceeds  that  amount.  An  ordinary  maximum  for  a 
locomotive  is  125  lbs.  of  coal  per  square  foot  of  grate-area  per 
hour,  and  in  some  recent  practice  220  lbs,  have  been  used.  Of 
course  such  excessive  amounts  are  wasteful  of  coal,  because 
a  considerable  percentage  of  the  coal  will  be  blown  out  of  the 
smoke-stack  unconsumed,  the  draft  necessaiy  for  such  rapid 
consumption  being  very  great.  The  only  justification  of  such 
rapid  and  wasteful  coal  consumption  is  the  necessity  for  rapid 
production  of  steam.  The  best  quality  of  coal  is  capable  of 
evaporating  about  14  lbs.  of  water  per  pound  of  coal,  i.e.,  change 
it  from  water  at  212°  to  steam  at  212°;  th^  heat  required  to 
change  water  at  ordinary  temperatures  to  steam  at  ordinary 
working  pressure  is  (roughly)  about  20%  more.  From  6  to  9  lbs. 
of  water  per  pound  of  coal  is  the  average  performance  of  ordinary 
locomotives,  the  efficiency  being  less  with  the  higher  rates  of 
combustion.  Some  careful  tests  of  locomotive  coal  consump- 
tion gave  the  following  figures:  when  the  consumption  of  coal 
was  50  lbs.  per  square  foot  of  grate-area  per  hour,  the  rate  of 
evaporation  was  8  lbs.  of  water  per  pound  of  coal.  When  the 
rate  of  coal  consumption  was  rai.sed  to  180,  the  evaporation 
dropped  to  5  lbs.  of  water  per  pound  of  coal.  It  has  been 
demonstrated  that  the  efficiency  of  the  boiler  is  largely  increased 
by  an  increased  length  of  boiler-tubes.  The  actual  consump- 
tion of  coal  per  mile  is  of  course  an  exceedingly  variable  quan- 
tity, depending  on  the  size  and  type  of  the  engine  and  also  on 
the  work  it  is  doing — whether  climbing  a  heavy  grade  with  its 
maximum  train-load  or  running  easily  over  a  level  or  down 
grade.  A  test  of  a  50-ton  engine,  running  without  any  train  at 
about  20  to  25  miles  per  hour,  showed  an  average  consumption 
of  21  lbs.  of  coal  per  mile.  Statistics  of  the  Pennsylvania  Rail 
road  show  a  large  increase  (as  might  be  expected,  considering 
the  growth  in  size  of  engines  and  weight  of  trains)  in  the  aver- 
age number  of  pounds  of  coal  burned  per  /ram-mile — some  of 
the  figures  being  55  lbs.  in  1863,  72  lbs.  in  1872,  and  nearly 
84  lbs.  in  1883.  Figures  are  published  showing  an  average 
consumption  of  about  10  lbs.  of  coal  per  passenger-car  nxvle,, 
and  4  to  5  lbs.  per  freight-car  mile.  But  W\es,e  ^^wxe^  ^t^  -c^^^^'s. 
obtained  by  dividinf;  the  total  consuiivpl\oxv  ^ex  Vtv5Jv\v-tv\^^  Ns^ 
the  Dumber  of  car^,  the  coal  due  to  th^  -w^K^X^  o^  ^^^  ^^^'^ 
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being  thrown  in  W(;llington  developed  a  rule,  baaed  on  the 
actual  performance  of  a  very  large  number  of  paasenger-trMna, 
that  the  number  of  pounds  of  coal  per  mile  =21.1 4-6  74  times 
the  number  of  passenger-cars  The  amount  of  coal  asnigned 
to  the  engine  agrees  remarkably  with  the  test  noted  above 
For  freight-trains  the  amount  assigned  to  the  engine  «]kOuld 
be  much  greater  (since  the  engine  is  much  heavier),  and  that 
assigned  to  the  individual  cars  much  less,  although  the  great 
increase  in  freight-car  w(»ights  in  recent  years  has  caused  an 
increase  in  the  coal  required  per  car. 

320.  Heating- surface.  The  rapid  production  of  steam  re- 
quires that  the  hot  gases  shall  have  a  large  heating-surface  to 
which  they  can  impart  their  heat  From  50  to  75  square  fe«t 
of  heating-surface  is  usually  designed  for  each  square  foot  oi 
grate-area.  A  more  recently  used  rule  is  that  there  should  be 
from  60  to  70  square  feet  of  tulje  heating-surface  per  square 
foot  of  grate-area  for  bituminous  coal  40  or  50  to  1  is  more 
desirable  for  anthracite  coal  Almost  the  w^hole  surface  of 
the  fire-box  has  water  behind  it,  and  hence  constitutes  heating- 
surface.  Although  this  surface  forms  but  a  small  part  of  the 
total  (nominally),  it  is  really  the  most  effective  portion,  since 
the  difference  of  temperature  of  the  gases  of  combustion  and 
the  water  is  here  a  maximum,  and  the  flow  of  heat  is  therefore 
the  most  rapid.  The  heating-surface  of  the  tubes  varies  from 
85  to  93%  of  the  total,  or  about  7  to  15  times  the  heating-sur- 
face in  the  fire-box.  Sometimes  the  heating-surface  is  as  much 
as  2300  square  feet,  but  usually  it  is  less  than  2000,  even  for 
engines  which  nmst  produce  steam  rapidly. 

Some  of  the  most  recent  locomotives  have  greatly  exceeded 
these  figures  One  just  constructed  for  the  New  York  Central 
and  Hudson  Rivei  Railroad  has  the  following  figures*  heating- 
surface,  3500  sq.  ft  :  grate-area,  50  sq  ft  ;  cylinders,  21  "X  26"; 
total  weight,  176000  lbs  :  weight  on  drivers,  95000  lbs.;  drivers, 
79"  diameter;  with  85%  of  the  boiler  pressure,  it  developed 
an  adhesion  of  24700  lbs.,  which  represented  a  factor  of  adhesion 

°^  "3-85 

Another    ruk^   usfnl  by  designers  is   that   the  engine  should 
/lavc  1  .sv/  [t   oi  h(\'i ting-surface  for  each  50  of  GO  lbs  of  weight, 
efficiency  hcins^   indicated   by    a  low  we\^v\..     ^ox  \Jaa  «Jbove 
engine' the  ratio  is  53 
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321.  Loss  of  efEcieacy  in  steam  pres^urcu  The  effective 
work  done  by  the  piston  is  never  equal  to  the  theoretioal  energy 
contained  in  the  steam  withdrawn  from  the  boiler.  This  is  due 
chiefly  to  the  following  causes: 

(a)  The  steam  is  "wire-drawn,"  i.e.,  the  pressiire  in  the 
cylinder  is  seldom  more  than  86  to  90%  of  the  boiler  pressure. 
This  is  due  largely  to  the  fact  that  the  steam-ports  are  so  small 
that  the  steam  cannot  get  into  the  cylinder  fast  enough  to  exert 
its  full  pressure.  It  is  often  purposely  wire-drawn  by  partially 
closing  the  throttle,  so  that  the  steam  may  be  used  less  rapidly. 

(b)  Entrained  water.  Steam  is  always  drawn  from  a  dome 
placed  over  the  boiler  so  that  the  steam  shall  be  as  far  above 
the  water-surface  as  possible,  and  shall  be  as  dry  as  possibile. 
In  spite  of  this  the  steam  is  not  perfectly  dry  and  carries  with 
it  water  at  a  temperature  of,  say,  361°,  and  pressure  of  140  lbs 
per  square  inch.  When  the  pressure  falls  during  the  expan- 
sion and  exhaust,  this  hot  water  turns  into  steam  and  absorbs 
the  necessary  heat  from  the  hot  cylinder-walls.  This  heat  is 
then  carried  out  by  the  exhaust  and  wasted. 

(c)  The  back  pressure  of  the  exhaust-steam,  which  depends 
on  the  form  of  the  exhaust^passages,  etc.  This  amounts  to 
from  2  to  20%  of  the  power  developed. 

(d)  Clearance-spaces.  When  cutting  off  at  full  stroke  this 
waste  is  considerable  (7  to  9%),  but  when  the  steam  is  used 
expansively  the  steam  in  these  clearance-spaces  expands  and 
so  its  power  is  not  wholly  lost. 

(5)  Radiation.  In  spite  of  all  possible  care  in  jacketing  the 
cylinders,  some  heat  is  lost  by  radiation. 

(/)  Radiation  into  the  exhaust-steam.  This  is  somewhat 
analogous  to  (b).  Steam  enters  the  cylinder  at  a  temperature 
of,  say,  361°;  the  walls  of  the  cylinder  are  much  cooler,  say  250°; 
gome  heat  is  used  in  raising  the  temperature  of  the  cylinder- 
walls;  some  steam  is  vaporized  in  so  doing:  when  the  exhaust 
is  opened  the  temperature  and  pressure  fall;  the  heat  tem- 
porarily absorbed  by  the  cj'^lindor-walls  is  reabsorbed  by  the 
exhaust-steam,  re-evaporating  the  vapor  previously  formed, 
and  thus  a  certain  portion  of  heat-energy  goes  through  the 
cylinder  vithout  doing  any  useful  work.  With  an  early  cut-oft 
the  loss  due  to  this  cause  is  very  great . 

The  sum  of  nil  those  Josses   is  excecdiiv^y  ^jarv^JcA^.    "^"^^^ 
OK  usually  less  at  lower  .speeds.     The  loss  m  imlioX  -vrrc^^^"^^ 
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(the  difference  between  boiler  pressure  and  the  cylinder  pres- 
sure at  the  beginning  of  the  stroke)  is  frequently  over  20%, 
but  this  is  not  all  a  net  loss  With  an  early  cut-off  the  average 
cylinder  pressure  for  the  whole  stroke  is  but  a  small  part  of 
the  boiler  pressure,  yet  the  horse -power  developed  may  be  as 
great  as,  or  greater  than  that  developed  at  a  lower  speed,  later 
cut-off,  and  higher  average  pressure 

322.  Tractive  power  The  work  done  by  the  two  cylinders 
during  a  complete  revolution  of  the  drivers  evidently  =area  of 
pistons X average  steam  pressure X stroke X 2X2.  The  resist- 
ance overcome  evidently  =  tractive  force  at  circumference  of 
drivers  times  distance  traveled  by  drivers  (which  is  the  cir- 
cumference of  the  drivers)      Therefore 

C  area  pistons  X  average  steam  pressure 

,p      ..      -  i  XstrokeX2x2. 

Tractive  force  =  ) -. ^ .- ,-. . 

(  circumference  of  drivers 

Dividing  numerator  and  denominator  by  t:  (3  1415),  we  have 

C  (diam  piston)  ^X  average  st«am 

^      ,.      -              )               pressure  X  stroke  ..^^ 

Tractive  force  =  > 1-    -  i  -    c  y- »  -     (137) 

(              diameter  of  driver  ^      ' 

which  is  the  usual  rule  Although  the  rule  is  generally  stated 
in  this  form,  there  are  several  deductions  In  the  first  place 
the  net  effective  area  of  the  piston  is  less  than  the  nominal  on 
account  of  the  area  of  the  piston-rod.  The  ratio  of  the  areas 
of  the  piston-rod  and  piston  varies,  but  the  effect  of  this  reduc- 
tion is  usually  from  13  to  1  7%  No  allowance  has  been  made 
for  friction — of  the  piston,  piston-rod,  cross-head,  and  the 
various  bearings  This  would  make  a  still  further  reduction 
of  several  per  cent.  Nevertheless  the  above  simple  rule  is 
used,  because,  as  will  be  shown,  no  great  accuracy  can  be 
utilized. 

The  tractive  force  is  limited  by  the  adhesion  between  the 
drivers  and  the  rails,  and  this  is  a  function  of  the  weight  on  the 
drivers,  I'ndcr  the  most  favoral)le  conditions  this  has  In^n 
tested  to  amount  to  one-third  the  weight  on  the  drivers,  but 
such  a  ratio  cannot  be  depended  on  Wellington  used  the 
ratio  one-fourth  I'he  Baldwin  liOeomotix^.  Works  in  their 
^'Locomotive  Data.''  give  tables  and  dm^xaixia  \i««»di  ««^  V  t*^ 
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and  I  adhesion.  As  low  a  value  as  J  or  even  |  is  occasionally 
used,  but  such  a  low  rate  of  adhesion  would  only  be  found  when 
the  rails  were  abnormally  slippery.  In  a  well-designed  loco- 
motive the  tractive  force,  as  computed  above,  and  the  tractive 
adhesion  should  be  made  about  equal.  The  uncertainty  in 
the  coefficient  of  adhesion  shows  the  futility  of  any  refinement 
in  the  computation  of  the  tractive  force. 

It  is  only  at  verj'  slow  speeds  that  an  engine  can  utilize  all 
of  its  tractive  force.  When  running  at  a  high  speed,  the  utmost 
horse-power  that  the  engine  can  develop  will  only  produce  a 
draw-bar  pull,  which  is  but  a  small  part  of  the  possible  tractive 
force.  Power  is  the  product  of  force  times  velocity.  If  the 
power  is  constant  and  the  velocity  increases,  the  force  must 
decrease.  This  fact  is  well  shown  in  the  figures  of  some  tests 
of  a  locomotive.  The  dimensions  were  as  follows:  cylinders, 
18"X24";  drivers,  68";  weight  on  driver.s,  60000  lbs.;  heating- 
surface,  1458  sq.  ft.;  grate-area,  17  sq.  ft.  During  one  test 
the  average  cylinder  pressure  was  83.3  lbs.  (boiler  pressure, 
145);  14-inch  cut-off  and  throttle  -J  oj^en).  By  the  above 
formula  (137), 

^      ^.      .            18^X83.3X24      ^.«.  „ 
Tractive  force  = =9525  lbs. 

At  }  adhesion  the  tractive  force  was  15000  lbs;  even  at  J  ad- 
hesion, it  would  be  12000  lbs.  This  shows  that  at  the  speed 
of  ;his  test  (26.3  in.  per  hour)  scarcely  more  than  J  of  the  trac- 
tive power  was  utilized.  A  still  more  marked  case,  shown  by 
another  test  with  the  same  engine,  taken  when  the  speed  was 
53.4  miles  per  hour,  indicated  an  average  cylinder  pressure  of 
37.2  lbs.,  the  throttle  being  j^  open  and  the  valves  cutting  ofT 
at  8".  In  this  ca.?e  the  tractive  power,  computed  as  before, 
equals  4254  lbs.,  about  ^\  of  the  weight  on  the  drivers  and 
about  i  of  the  tractive  force  which  is  possible  at  slow  speeds. 
In  the  first  case,  the  tractive  power  (9525)  times  the  speed  in 
feet  per  second  (38  57)  divided  by  550  gives  the  indicated  horse- 
power, 668  In  the  second  case,  although  the  tractive  forces 
developed  was  so  much  less,  the  speed  was  much  greater  and 
the  horse-power  was  about  the  same,  606. 

The  above  figures  illustrate  some  of  the  f ore^oviv^  ^\».\.^x£s5?\sXsi 
regarding  loss  of  ofTwiency.     In  bot\\  cases  t\\e  sle^x^  ^^^^  ^vc^- 
dmwD.     The  boiler  pmssure  was  U5  lbs, ,  VjuX.  \<\v«^  \}aft  XXxt^xjO^^ 
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was  only  f  open  and  the  steam  was  cut-ofT  at  14"  (24"  stroke) 
the  average  steam  pressure  in  the  cylinder  w  as  reduced  to 
83.3  lbs.  With  the  throttle  but  i  open  and  the  valves  cutting 
off  at  8"  (i  of  the  stroke),  the  average  pressure  was  cut  down 
to  37.2  lbs. — about  J  of  the  boiler  pressure.  Note  that  the  heat- 
ing-surface per  square  foot  of  grate-area  (1458-^17=86)  is 
very  large  (see  §  320).  Note  also  that  the  horse-power  developed 
divided  by  the  grate-area  (17)  gives  39  and  30  H.P.  per  square 
foot  of  grate-area.  This  is  exceptionally  large — 25  or  30  being 
a  more  common  figure. 

The  maximiun  tractive  power  is  required  when  a  train  is 
starting,  and  fortunately  it  is  at  low  velocities  that  the  maxi- 
mum tractive  force  can  be  developed.  The  motion  of  the 
piston  is  so  slow  that  there  is  but  little  reduction  of  steam 
pressure,  and  the  valves  are  generally  placed  to  cut  off  at  full 
stroke.     For  the  above  engine,  with  145  lbs.  boiler  pressure, 

xu       u    1  *  •  r   X      X-        f  •     18*X  145X24 

the   absolute   maximum    of   tractive   force   is   ^^ = 

Do 

16581  lbs.  Of  course,  this  maximum  would  never  be  reached 
unless  the  boiler  pressure  were  increased.  A  common  rule  is 
to  consider  that  the  average  effective  cylinder  pressure  for  slow 
speed  and  full  stroke  will  be  80%  of  the  boiler  pressure.  This 
would  reduce  the  tractive  force  to  the  (nominal)  value  of  13265 
lbs.,  and  the  corresponding  cylinder  pressure  would  be  116  lbs. 
per  square  inch.  With  an  effective  cylinder  pressure  of  about 
131  lbs.  the  tractive  power  is  15000  lbs.,  which  is  i  of  the  total 
weight  on  the  drivers.  This  illustrates  the  general  rule,  stated 
above,  that  the  cylinders,  drivers,  and  boiler  pressure  should 
he  so  proportioned  that  the  maximum  tractive  force  should 
about  equal  the  maximum  adhesion  which  could  be  obtained. 

As  another  numerical  example,  the  dimensions  of  a  recently 
constnicted  heavy  consolidation  engine  are  quoted.     The  cylin- 
ders are  24"X32";    diameter  of  drivers,  54";    total  weight  of 
engine  and  tender,  391400  lbs.;   woiglit  of  engine,  250300  lbs.; 
weight  on  drivers,  225200  lbs.;  capacity  of  tender,  7500  gallons; 
the  boiler  has  406   tubes,  2}"  in  diameter  and  15'  long;    fire- 
box,  132"X40i";    heating-surface  of  tubes,   3564  sq.  ft.;    of 
lire-box,  241  sq.  ft. — total,  3805  sq.  ft.;  boiler  pressure,  220  lbs. 
per  square  inch.    Applying  Eq.  132,  we  may  compute  76093 
//>5,  as  the  absolute  maximum  oi  tractive  ^owct.   \xi  itvft^.\VAft 
19  an  unattainable  limit,  for  reasons  bcioi^i  aVaX^^.   tV«  X.twt' 
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five  force  is  given  as  63000,  which  correspond?  to  an  effective 
cylinder  pressure  of  about  185  lbs.,  about  84%  of  the  boiler 
pressure.  This  tractive  force  is  28%  of  the  weight  on  the 
drivers,  a  tractive  ratio  of  1 : 3.6. 

RUNNING    GEAH. 

323.  Types  of    running    gear,     (a)  "American."    This   was 

Q/^  once  the  almost  universal  type  for 

— -^>^ Q Q  A  both  passenger  and  freight  service. 

It  is  still  very  commonly  used  for  passenger  service,  but  it  is 
not  the  best  form  for  hea^'y  freight  work. 

(b)  "Columbia."  Four  drivers,  one  pair  of  pilot-truck  wheels 
and  one  pair  of  trailing  wheels  be-  /^      /"        -. 

hind  the  drivers.    The  low  trailing    i2_  L-^! 1-,  — "^    -^ 

wheels  permit  a  desirable  enlargement  of  the  fire-box.  This 
is  a  recent  type,  used  exclusively  for  passenger  service. 

Q/^  (c)  "Atlantic."    Similar  to 
Lz O     O     -^    b  except  that  the  pilot-truck 

has  four  wheels  instead  of  two. 

(d)  "Mogul."  These  are  used  for  both  passenger  and  freight 
service,    but    are    not    well  /^      /^^      /^^ 

adapted  for  either  high  speed  V  ^      ^  y      v  ^         O -^ 

or  great  tractive  power. 

(e)  "Ten-wheel."    Similar  to  d  except  that  the  pilot-truck 

Q^^      ^>^  has   four  wheels    instead    of 

\  )      V  >)      00    -^   two.     The  use   is  similar  to 
that  of  d. 

(f)  "Consolidation."  The  present  standard  for  freight  ser- 
vice.    It  permits  great  trac-  /^    /^    /^^    r  \ 

tive  power  without  excessive  \.  •    \J    ^  /    \  / Q    -^ 

concentrated  loads  on  the  track. 

(g)  Switching-engines.  These  have  four  or  six  (and  excep- 
tionally even  eight  or  ten)  drivers  and  no  truck-wheels.  They 
are  only  adapted  for  slow  speed  when  a  maximum  of  tractive 
power  is  needed  Sometimes  the  water-tank  and  even  a  small 
fuel-box  is  loaded  on.  Since  fuel  is  always  near  at  hand  for  a 
yard -engine,  the  fuel-box  need  not  be  large. 

(h)  "  Double-en ders."     As  explamedm^^l^A'"^'^^-'^^^'^^^'^'^^ 

needed  in  front  of  the  drivers  to  guide  tYvercv  bltomt^.^  c>MN^'a»,     >^ 

an  ordinary  engine  ia  run  backward,  lYie  ^laxv^^^  o\  *Oofc  ^^'^ 
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drivers  will  become  badly  worn,  and  if  the  speed  is  high,  the 

danger   of   derailment    is  considerable.     In    suburban   serA^ee, 

^^     /^^       /^^     -^  when  the  runs  are    short,  it  is 

y ^s— ^ ^^—^  preferable   to    run    the    engines 

forward  and  backward,  rather  than  turn  them  at  each  end  of 
the  route.     Therefore  a  pilot-truck  is  placed  at  each  end. 

(i)  "  Miscellaneous  types."  Almost  every  conceivable  com- 
bination of  drivers  and  truck-wheels  has  been  used.  The 
"Mastodon"  is  similar  to  the  "Consolidation"  except  tha-t  the 
pilot-truck  has  four  wheels  instead  of  two.  The  "Decapod" 
has  ten  driving-wheels.  The  "Forney"  (named  after  the  in- 
ventor) has  been  very  extensively  used  on  elevated  roads.  The 
weight  of  the  boiler  and  machinery  is  carried  on  four  driving- 
wheels;  the  engine-frame  is  extended  so  as  to  include  a  small 
tank  and  fuel-box,  the  weight  of  which  is  chiefly  supported  by 
a  truck  of  two  or  four  wheels.  They  run  best  when  running 
"backward,"  i.e.,  tender  first. 

324.  Equalizing-levers.  The  ideal  condition  of  track,  from 
the  standpoint  of  smooth  running  of  the  rolling  stock,  is  that 
the  rails  should  always  lie  in  a  plane  surface.  While  this  con- 
dition is  theoretically  possible  on  tangents,  it  is  unobtainable 
on  curves,  and  especially  on  the  approaches  to  curves  when  the 
outer  rail  is  being  raised.  Even  on  tangents  it  is  impossible 
to  maintain  a  perfect  surface,  no  matter  how  perfectly  the 
track  may  have  been  laid.  In  consequence  of  this,  the  points 
of  contact  of  the  wheels  of  a  locomotive,  or  even  of  a  four- 
wheeled  truck,  will  not  ordinarily  lie  in  one  plane.  The  rougher 
and  more  defective  the  track,  the  worse  the  condition  in  this 
respect.  Since  the  frame  of  a  locomotive  is  practically  rigid, 
if  the  frame  rests  on  the  driver-axles  through  the  medium  of 
springs  at  each  axle-bearing,  the  compression  of  the  springs 
(and  h(mce  the  pressure  of  the  drivers  on  the  rail)  will  be  varia- 
ble if  the  bearing-points  of  the  drivers  are  not  in  one  plane 
This  variable  pressure  affects  the  tractive  power  and  severely 
strains  the  frame.  Applying  the  principle  that  a  tripod  will 
stand  on  an  even  surface,  a  mechanism  is  emploj'^ed  which 
virtualh/  supports  the  locomotive  on  three  points,  of  which  one 
is  usually  the  center-bearing  of  the  forward  truck.  On  each 
side  the  pressure  is  so  distributed  among  the  drivers  that  even 
it  a  driver  rises  or  falls  with  reference  \o  \.Vve^  otKers,  the  load 
carried  by  each  driver  is  unaltered,  ai\d  t\\a\,  svd^  ol  NJoa  ^Tk3^<^ 
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rises  or  falls  by  one  nth  of  the  rise  or  fall  of  the  single  driver, 
where  n  represents  the  number  of  wheels.  The  principle  in- 
volved is  shoA^Ti  in  an  exaggerated  form  in  Fig.  195.  In  the 
diagram,  MN  represents  the  normal  position  of  the  frame  when 
the  wheels  are  on  line.  The  frame  is  supported  by  the  hanger> 
at  a,  c,  /,  and  h.  ab,  de,  and  gh  are  horizontal  levers  vibrating 
about  the  points  H,  K,  and  L,  which  are  supported  by  the 
axles.  While  it  is  possible  with  such  a  system  of  levers  to  make 
MN  assume  a  position  not  parallel  with  its  natural  position, 
yet,  by  an  extension  of  the  principle  that  a  beam  balance  loaded 
with  equal  weights  will  always  be  horizontal,  the  effect  of  rais- 
ing or  lowering  a  wheel  will  be  to  move  MiV  parallel  to  itself. 


Fig.   195. — Action  of  Equalizing-levers. 

It  only  remains  to  determine  how  rmich  is  the  motion  of  MN 
relative  to  the  rise  or  drop  of  the  wheel. 

The  dotted  lines  represent  the  positions  of  the  wheels  and 
levers  when  one  wheel  drops  into  a  depression.  The  wheel 
center  drops  from  p  to  </,  a  distance  m.  L  drops  to  L',  a 
distance  m  (see  Fig.  195,  b) ;  M  drops  to  M^,  an  unknown  dis- 
tance x;  therefore  aa^=x;  bb^=x;  cc^=x;  dd^  =  Sx  =  ee^;  ff'=x'. 
.■.gg'=5x;  W  =x\  LL'  =  i{gg' -hhh')  =i(6x)  =m.;  .*.  a:  =  -lm\ 
i.e.,  MN  drops,  parallel  to  itseli,  1/u  a^  tcvwOcv  ?v-^  ^^^  ^\ssj^ 
drops,  where  n  is  the  number  of  Vv-\\ee\ft.  T\\e  T^^vaWaxvV  ^^^^*^ 
caused  by  the  simultaneous  motiou  o^i  t.\\vi  ^\ve^\^  >^\x>c^  ^^^"^ 
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enoe  to  the  third  is  evidently  the  algebraic  sum  of  the  effects 
of  each  wheel  taken  separa-tely. 

The  practical  benefits  of  tdbis  device  are  therefore  as  follows: 

(a)  When  any  driver  reaches  a  rough  place  in  the  tradlc^  ^ 
high  place  or  a  ;low  place,  .the  stress  in  all  the  various  iiangejs 
and  levers  is  unchanged. 

(6)  The  njQtion  of  the  frame  (represented  by  the  bar  MN 
in  Fig.  195)  is  but  l/»  of  the  motion  of  the  wheel,  and  tbe  jar 
and  vibration  caused  by  a  roughness  in  the  track  is  correspond- 
ingly reduced. 

The  details  of  applying  these  principles  sure  varied,  but  in 
general  it  is  done  as  follows; 

(a)  American  and  ten-wheeled  types.  Drivers  on  each  side 
form  a  system.  The  center-bearing  pilot-truck  is  the  third 
point  of  support.     The  method  is  illustrated  in  Fig.  196. 

(b)  T^ogvtl  and  consolidation  types.  The  front  pair  of  drivers 
is  connected  with  the  two-wheeled  pilot-truck  (as  illustrated 
in  Fig.  197)  to  form  one  system.  The  remaining  drivers  pn 
each  side  are  each  formed  into  a  system 

The  device  of  equalizers  is  an  American  invention.  Until 
recently  it  has  not  been  used  on  foreign  locomotives.  The 
necessity  for  its  use  becomes  less  as  the  track  is  maintained 
with  greater  perfection  and  is  more  free  from  sharp  curves. 
A  locomotive  not  equipped  with  this  device  would  deteriorate 
very  rapidly  on  the  comparatively  rough  tracks  which  are 
usually  found  on  light-traffic  roads.  It  is  still  an  open  ques- 
tion to  what  extent  the  neglect  of  this  device  is  responsible 
for  the  statistical  fact  that  average  freight-train  loads  on  foreign 
trains  are  less  in  proportion  to  the  weight  on  the  drivers  than 
is  the  case  with  American  practice.  The  recent  increasing  use 
of  this  device  on  foreign  heavy  freight  locomotives  is  perhaps 
an  acknowledgment  of  this  principle. 

325.  Counterbalancing.  At  very  high  velocities  the  cen- 
trifugal force  developed  by  the  weight  of  the  rotating  parts 
becomes  a  quantity  which  cannot  be  safely  neglected.  These 
rotating  parts  include  the  crank-pin,  the  crank-pin  boss,  the 
side  rod,  and  that  part  of  the  weight  of  the  connecting-rod 
which  may  be  considered  as  rotating  about  the  center  of  the 
crank-driver.  As  a  numerical  illustration,  a  driving-wheel 
62^"^  in  diameter,  running  60  miles  per  Yiowx,  V^)!\  xoNQVjfc  ^^ 
^imes  per  minute.     The  weights  are*. 
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Crank-pin 110  lbs. 

"       boss 150    '' 

One-half  side  rod 240    '* 

Back  end  of  connecting-rod 190    *' 

Total 690  lbs. 

If  the  stroke  is  24",  the  radius  of  rotation  is  12",  or  1  foot.     Then 

Vr  =-32:2x1X6-02^  =''^2'^^^-^ 

which  is  half  as  much  again  as  the  weight  on  a  driver,  16000  lbs. 
Therefore  if  no  counterbalancing  were  used,  the  pressure  be- 
tween the  drivers  and  the  rail  would  always  be  less  (at  any 
velocity)  when  the  crank-pin  was  at  its  highest  point.  At  a 
velocity  of  about  48  miles  per  hour  the  pressure  would  become 
zero,  and  at  higher  velocities  the  wheel  would  actually  be 
thrown  from  the  rail.  As  an  additional  objection,  when  the 
crank-pin  was  at  the  lowest  point,  the  rail  pressure  would  be 
increased  (velocity  60  miles  per  hour)  from  16000  lbs.  to  nearly 
41000  lbs.,  an  objectionably  high  pressm-e.  These  injurious 
effects  are  neutralized  by  "counterbalancing."  Since  all  of 
the  above-mentioned  weights  can  be  considered  as  concen- 
trated at  the  center  of  the  crank-pin,  if  a  sufficient  w^eight  is  so 
placed  in  the  drivers  that  the  center  of  gravity  of  the  eccentric 
weight  is  diametrically  opposite  to  the  crank-pin,  this  centrifu- 
gal force  can  be  wholly  balanced.  This  is  done  by  filling  up 
a  portion  of  the  space  between  the  spokes.  If  the  center  of 
gravity  of  the  coimterbalancing  weight  is  20"  from  the  center, 
then,  since  the  crank-pin  radius  is  12",  the  required  weight 
would  be  690Xie=414  lbs. 

In  addition  to  the  (effect  of  these  revolving  parts  there  is 
the  effect  of  the  sudden  accel(^ration  and  retardation  of  the 
reciprocating  parts.  In  the  engine  above  considered  the 
weights  of  these  reciprocating  parts  will  l)e: 

Front  end  of  connecting-rod 150  lbs. 

rross-h(»ad 174     '* 

Piston  and  piston-rod 300    ** 

Tottil ^^\  >^>^, 
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Assume  as  before  that  the  reciprocating  parts  may  be  con- 
sidered as  concentrated  at  one  point,  the  point  P  of  the  dia- 
gram in  Fig.  198.     Since  the  motion  of  P  is  horizontal  only. 


Fig.  198. — Action  of  Coi  nterbalance. 

the  force  required  to  overcome  its  inertia  at  any  point  will 
exactly  equal  the  horizontal  component  of  the  force  required 
to  overcome  the  inertia  of  an  equal  weight  at  <S,  revolving  in 
a  circular  path.  Then  evidently  the  horizontal  component  of 
the  force  required  to  keep  W  in  the  circular  path  will  exactly 
balance  the  force  required  to  overcome  the  inertia  of  P.  Of 
course  W=P.  But  a  smaller  weight  Wj  whose  weight  is 
inversely  proportional  to  its  radius  of  rotation,  will  evidently 
accomplish  the  same  result.  In  the  above  numerical  case,  if 
the  center  of  gravity  of  the  counterweights  is  20"  from  the 
center,  the  required  weight  to  completely  counterbalance 
the  reciprocating  parts  would  be  624X^^=374.4  lbs.  This 
counterweight  need  not  be  all  placed  on  the  driver  carrj'ing 
the  main  crank-pin,  but  can  be  (and  is)  distributed  among  all 
the  drivers.  Suppose  it  were  divided  between  the  two  drivers 
in  the  above  case.  At  60  miles  per  hour  such  a  counterweight 
would  produce  an  additional  pressure  of  11211  lbs.  when  the 
counterweight  was  down,  or  a  lifting  force  of  the  same  amount 
when  the  countersveight  was  up.  Although  this  is  not  suffi- 
cient to  lift  the  driver  from  the  rail,  it  would  produce  an  objec- 
tionably high  pressure  on  the  rail  (over  27000  lbs.),  thus  inducing 
just  what  it  was  desired  to  avoid  on  account  of  the  eccentric 
rotating  parts.  Therefore  a  compromise  must  be  made.  Only 
a  portion  (one  half  to  three  fourths)  of  the  weight  of  the  recip- 
rocating parts  is  balanced.  Since  the  effect  of  the  rotating 
weights  is  to  cause  variable  pressure  on  the  rail,  while  the  effect 
of  the  reciprocating  parts  is  to  cause  a  V\OT\7.owt9\  ^'c?c»vXycv^  «^ 
**r\oamg^^  of  the  locoinotive,  it  is  imposftWA'e  Vo  V^^^xv^^"^^^^* 
Enough  counterweight  is  introduced  to  parl\aXW  tv^wV^^vl^^  ^Cd» 
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effect  of  the  reciprocating  parts,  still  leaving  some  teodeiicy 
to  hodaontal  wobbling^  while  the  counterweights  which  were 
introduced  to  reduce  the  wobbling  cause  some  variation  cd 
pressure.  By  using  hollow  piston-rods  of  steel,  ribbed  cross- 
heads,  and  connecting-  and  side-rods  with  an  I  section,  the 
weight  of  the  reciprocating  parts  may  be  greatly  lessened  with- 
out reducing  their  strength,  and  with  a  decrease  in  weight  the 
effect  of  the  unbalanced  reciprocating  parts  and  of  the  "  excess 
balance"  (that  used  to  balance  the  reciprocating  parts)  is 
largely  reduced. 

Current  practice  is  somewhat  variable  on  three  features: 

(a)  The  proportion  of  the  weight  of  the  connecting-rod  which 
should  be  considered  as  revolving  weight. 

(6)  The  proportion  of  the  total  reci{Ht>cating  w^ht  that 
should  be  balanced. 

(c)  The  distribution  among  the  drivers  of  the  counterweight 
to  balance  the  reciprocating  parts. 

An  exact  theoretical  analysis  of  (a)  shows  that  it  is  a  func- 
tion of  the  weights  and  dimensions  of  the  reciprocating  parta. 
The  weight  which  may  be  cc«isidered  as  revolving  equals  * 


in  which  r==  radius  of  the  crank,  Z= length  of  connecting-rod, 
A:  =  distance  of  center  of  gyration  from  wrist-pin,  c?= distance 
of  center  of  gravity  from  wrist-pin,  TF,=  weight  of  connecting- 
rod  in  pounds,  and  Tr3=weight  of  piston,  piston-rod,  and  cross- 
head  in  pounds;  all  dimensions  in  feet.  An  application  of  this 
formula  will  show  that  for  the  dimensions  of  usual  practice, 
from  51  to  57%  of  the  weight  of  the  connecting-rod  should  be 
considered  as  revolving  weight. 

The  principal  rules  which  have  been  formulated  for  counter- 
balancing may  be  stated  as  follows: 

1.  Each  wheel  should  be  balanced  correctly  for  the  revolving 
parts  connected  with  it. 

2.  In  addition,  introduce  counterbalance  sufficient  for  50% 
of  the  weight  of  the  reciprocating  parts  for  ordinary  engines, 
increasing  this  to  759r  when  the  reciprocating  parts  are  exces- 
sively heavy  (as  in  compound  locomotives)  or  when  the  engine 


*  11.  A.  Parke,  in  R.  11.  Gazette,  Feb.  23. 1894. 
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ia  light  and  unable  to  withstand  much  lateral  strain  or  when 
the  wheel-baee  is  short. 

3.  Consider  the  weight  of  the  connecting-rod  as  J  revolving 
and  J  reciprocating  when  it  is  over  8  feet  long;  when  shorter 
than  8  feet,  consider  -fj^  of  the  weight  as  revolving  and  ^  aa 
reciprocating. 

4.  The  part  of  the  weight  of  the  connecting-rod  considered 
as  revolving  should  be  entirely  balanced  in  the  crank-driver 
wheel. 

6.  The  "excess  balance"  should  be  divided  equally  among 
the  drivers. 

6.  Place  the  counterbalance  as  near  the  rim  of  the  wheel 
as  possible  and  also  as  near  the  outside 
of  the  wheel  as  possible  in  order  that 
the  center  of  gravity  shall  be  as  near 
as  possible  opposite  the  center  of 
gravity  of  the  rods,  et<?.,  which  are  all 
outside  of  even  the  plane  of  the  face 
of  the  wheel. 

In  Fig.  199  is  shown  a  section  of  a 
locomotive  driver  with  the  cavities  in 
the  casting  for  the  accommodation  of 
the  lead  which  is  used  for  the  couHter- 
balance  weight.  Incidentally  several 
other  features  and  dimensions  are  shown 
in  the  illustration. 

326.  Mutual  relations  of  the  boiler 
and  cylinder  power  for  various  types. 


Fig.  199. — Suction  op 
locomotive-driveb. 


power,  tractive  power, 
The  design  of  a  locomo- 
tive includes  three  diMinct  features  which  are  varied  in  their 
mutual  relations  according  to  the  work  which  the  engine  is 
expected  to  do. 

(a)  The  boiler  power.  This  is  limited  by  the  rate  at  which 
steam  may  be  generated  in  a  boiler  of  admissible  size  and  weight. 
Engines  which  are  designed  to  haul  very  fast  trains  which  are 
comparatively  light  must  be  equipped  with  very  large  grates  and 
heating  surfaces  so  that  steam  may  be  developed  with  gre^t 
rapidity  in  order  to  keep  up  with  the  very  rapid  consumption. 
Engines  for  \'ery  heavy  freight  work  are  run  at  very  much 
lower  velocity  and  at  a  lower  piston  speed  in  spite  of  the  fact 
that  more  strokes  are  recjuired  to  cover  a  given  distance  and 
the  demand  on  the  b.oiler  for  rapid  steam  \>Tcyi\3LcNK»\L  Sa»  ^«5N» 
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as  great  as  with  high-speed  passenger-engines.  The  capacity  of 
a  boiler  to  produce  steam  is  therefore  limited  by  the  limiting 
weight  of  the  general  type  of  engine  required.  Although  im- 
provements may  be  and  have  been  made  in  the  design  of  fire- 
boxes so  as  to  increase  the  steam-producing  capacity  without 
adding  proportionately  to  the  weight,  yet  there  is  a  more  or 
less  definite  limit  to  the  boiler  power  of  an  engine  of  given 
weight. 

(b)  The  tractive  power.  This  is  a  function  of  the  weight  on 
the  drivers.  The  absolute  limit  of  tractive  adhesion  between  a 
steel-tired  wheel  and  a  steel  rail  is  about  one  third  of  the  pressure, 
but  not  more  than  one  fourth  of  the  weight  on  the  drivers  can 
be  depended  on  for  adhesion  and  wet  rails  will  often  reduce 
this  to  one  fifth  and  even  less.  The  tractive  power  is  therefore 
absolutely  limited  by  the  practicable  weight  of  the  engine.  In 
some  designs,  when  the  maximum  tractive  power  is  desired,  not 
only  is  the  entire  weight  of  the  boiler  and  running  gear  thrown 
on  the  drivers,  but  even  the  tank  and  fuel-box  are  loaded  on. 
Such  designs  are  generally  employed  in  switching-engines  (or 
on  engines  designed  for  use  on  abnormally  heavy  mountain 
grades)  in  which  the  maximum  tractive  power  is  required,  but 
in  which  there  is  no  great  tax  on  the  boiler  for  rapid  steam  pro- 
duction (the  speed  being  always  very  low),  and  the  boiler  and 
fire-box,  which  furnish  the  great  bulk  of  the  weight  of  an  engine, 
are  therefore  comparatively  light,  arid  the  requisite  weight  for 
traction  must,  therefore,  be  obtained  b}-  loading  the  drivers 
as  much  as  possible.  On  the  other  hand,  engines  of  the  liighest 
speed  cannot  possibly  produce  steam  fast  enough  to  maintain 
the  required  speed  unless  the  load  be  cut  down  to  a  compara- 
tively small  amount.  The  tractive  power  required  for  this 
comparatively  small  load  will  be  but  a  small  part  of  the  weight 
of  the  engine,  and  therefore  engines  of  this  class  have  but  a 
small  proportion  of  their  weight  on  the  drivers;  generally 
have  but  two  driving-axles  and  sometimes  but  one. 

(c)  Cylinder  power.     The  nmning  gear  forms  a  mechanism 
which  is  simply  a  means  of  transforming  the  energy  of  the  boiler 
into  tractive  force  and  its  power  is  unlimited,  within  the  prac- 
tical conditions  of  the  problem.     The  power  of  the  running 
ffcar  depends  on  the  steam  pressure,  on  the  area  of  the  piston, 
on  the  diameter  of  the  drivers,  and  on  Wv^  t^\\o  of  crank-pin 
radius   to   wheel  radius,    or  of  stroke  lo  diive^t  ^\«JCQa\Kt,   'SS^ 
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is  always  possible  to  increase  one  or  more  of  these  elements 
by  a  relatively  small  increase  of  expenditure  until  the  cylinders 
are  able  to  make  the  drivers  slip,  assuming  a  sufficiently  great 
resistance.  Since  the  power  of  the  engine  is  limited  by  the 
power  of  its  weakest  feature,  and  since  the  running  gear  is  the 
most  easily  controlled  feature,  the  power  of  the  running  gear 
(or  the  "cylinder  power")  is  always  made  somewhat  excessive 
on  all  well-designed  engines.  It  indicates  a  badly  designed 
engine  if  it  is  stalled  and  unable  to  move  its  drivers,  the  steam 
pressure  being  normal.  If  it  is  attempted  to  use  a  freight- 
engine  on  fast  passenger  service,  it  will  probably  fail  to  attain 
the  desired  speed  on  account  of  the  steam  pressure  falling. 
The  tractive  power  and  cylinder  power  are  superabundant,  but 
the  boiler  cannot  make  steam  as  fast  as  it  is  needed  for  high 
speed,  especially  when  the  drivers  are  small.  The  practical 
result  would  be  a  comparatively  low  speed  kept  up  with  a  forced 
fire.  If  it  is  attempted  to  use  a  high-speed  passenger-engine 
on  heavy  freight  service,  the  logical  result  is  a  slipping  of  the 
drivers  until  the  load  is  reduced.  The  boiler  power  and  cylinder 
power  are  ample,  but  the  weight  on  the  drivers  is  so  small  that 
the  tractive  power  is  only  sufficient  to  draw  a  comparatively 
small  load. 

These  relations  between  boiler,  cylinder,  and  tractive  power 
are  illustrated  in  the  following  comparative  figures  referring 
to  a  fast  passenger-engine,  a  heavv  freight-engine,  and  a  switch- 
ing-engine. The  weights  of  the  passenger-  and  freight-engines 
are  about  the  same,  but  the  passenger-engine  has  only  72%  of 


Cylinders. 

Total 
Wght. 

Wt.  on 
Driv'rs 

Heat- 
ing 
Sur- 
face, 
aq.  ft. 

Grate 
area 
sq.  ft. 

Steam 
Pres- 
sure in 
Boiler. 

Stroke. 

Kind. 

Diam. 
Driver. 

Fast  passenger. 
Heavy  freight . 
Switcher 

19''X24" 
20" X  24" 
19" X  24" 

126700 
128700 
109000 

81500 
112600 
109000 

1831.8 
1498.3 
1498.0 

26.2 
31.5 
22.8 

180 
140 
160 

the  tractive  power  of  the  freight.     But  the  passenger-engine 
has  22%  more  heating^surface  and  can  generate  s.i^-ajKv  \«»j^ 
faster:  it  makes  Jess  than  two  thirds  as  luaxvy  ^\.TcJte«>  \w  ^q.n'k^- 
Inj^  »  given  disfancf^,  but  it  runs  at  perVia^^  \.nn\^^  NXv^  -s^^^ 
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and  probably  consumes  steam  much  faster.  The  Bwitch- 
engine  is  lighter  in  total  weight,  but  the  tractive  power  is  neariy 
as  great  as  the  freight  and  much  greater  than  the  passenger- 
engine.  While  the  heating-surfaces  of  the  freight-  and  switch- 
ing-engines are  practically  identical,  the  grate  area  of  the  switcher 
is  much  less;  its  speed  is  always  low  and  there  is  but  little  neces- 
sity for  rapid  steam  development. 

While  these  figures  show  the  general  tendency  for  the  relative 
proportions,  and  in  this  respect  may  be  considered  as  tyxncal, 
there  are  large  variations.  The  recent  enormous  increase  in 
the  dead  weight  of  passenger-trains  has  necessitated  greater 
tractive  power.  This  has  been  proi-idcd  sometimes  by  using 
"Mogul"  and  "ten-wheel"  engines,  whicK  were  originally 
designed  for  freight  work.  On  the  other  hand,  the  demand 
for  fast  freight  service,  and  the  possibility  of  safely  operating 
such  trains  by  the  use  of  air-brakes,  has  required  that  heavy 
freight-engines  shall  be  run  at  comparatively  high  speeds,  and 
that  requires  the  rapid  production  of  steam,  large  grate  areatf, 
and  heating  surfaces.  But  in  spite  of  these  variations,  the 
normal  standard  for  passenger  service  is  a  four-driver  engine 
carrying  about  two  thirds  of  the  weight  of  the  engine  on  the 
drivers,  which  are  very  large;  the  normal  standard  for  freight 
work  is  the  "consolidation,"  with  perhaps  90%  of  the  weight 
on  the  drivers,  which  are  small,  but  which  must  have  the  pony 
truck  for  such  speed  as  it  uses ;  and  finally  the  normal  standard 
for  switching  service  has  all  the  weight  on  the  drivers  and  has 
comparatively  low  stea)u-producing  capacity. 

327.  Life  of  locomotives.  The  life  of  locomotives  (aa  a 
whole)  may  be  taken  as  about  800000  miles  or  about  22  to  24 
3'ears.  While  it«  life  should  be  and  is  considered  as  the  period 
between  its  construction  and  its  final  consignment  to  the  scrap 
pile,  parts  of  the  locomotive  may  have  been  renewed  more 
than  once.  The  ])oiler  and  fire-box  are  esp(^cially  subject  to 
renewal.  The  mileage  life  is  much  longer  than  formerly.  This 
is  due  partly  to  bettor  design  and  partly  to  the  custom  of 
drawing  the  fires  l(iss  freciuently  and  thereby  avoiding  90me 
of  the  destructive  strains  caused  by  extreme  alterations  of 
heat  and  cold.  Recent  statistics  give  the  average  annual 
miJeage  on  twenty-three  leading  roads  to  be  41000  miles. 
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328.  Capacity  and  size  of  cars.  The  capacity  of  freight-cars 
has  been  enormously  increased  of  late  years.  About  thirty 
years  ago  the  usual  live-load  capacity  for  a  box-car  was  about 
20000  lbs.  In  1893  the  standard  box-car,  gondola-cars,  etc., 
of  the  Pennsylvania  Railroad  on  exhibition  at  the  Chicago 
Exposition,  had  a  live-load  capacity  of  60000  lbs.  and  a  dead 
weight  of  30000  to  33000  lbs  With  a  full  load,  the  weight  on 
each  wheel  is  nearly  12000  lbs  ,  which  equals  or  exceeds  the 
load  usually  placed  on  the  drivers  of  ordinary  locomotives. 
But  now  cars  with  a  live-load  capacity  of  80000  lbs.  are  almost 
standard,  100000-lb.  c^ars  are  very  common,  and  even  larger  cars 
are  made  for  special  service.     (See  Fig.  200.) 

The  limitation  of  the  carrying  capacity  for  some  kinds  of 
freight  depends  somewhat  on  the  amount  of  live  load  that 
can  be  carried  within  given  dimensions;  for  the  cross-section  of 
a  car  is  limited  to  the  extreme  dimensions  which  may  be  safely 
run  through  the  tunnels  and  through  bridges  as  at  present 
constructed,  and  the  length  is  somewhat  limited  by  the  dif- 
ficulty of  properly  supporting  an  excessively  heavy  load,  dis- 
tributed over  an  unusually  long  span,  by  a  structure  which  is 
subjected  to  excessive  jar,  concussion,  compression,  and  ten- 
sion. The  cross-sectional  limit  seems  to  have  been  scarcely 
reached  yet,  except,  perhaps,  in  the  case  of  furniture  and  Carriage- 
cars,  whose  load  per  cuhic  foot  is  not  great.  The  usual  width 
of  freight-cars  is  about  8  to  9  feet,  while  parlor-cars  and  sleepers 
are  generally  10  feet  wide  and  sometimes  11  feet.  The  highest 
point  of  a  train  is  usually  the  smoke-stack  of  the  locomotive 
w^hich  is  generally  14  feet  above  the  rails  and  occasionally  OA^er 
15  feet.  A  sleeping-car  usually  has  the  highest  point  of  the 
oar  about  14  feet  above  the  rails.  Box-cars  are  usually  about 
8  feet  high  (above  the  sills),  with  a  total  height  of  about  11'  3". 
Refrigerator-cars  are  usually  about  9'  high  and  furniture-cars 
about  10'  above  the  sills,  the  truck  adding  about  3'  3".  The 
usual  length  is  34  feet,  but  35  to  40  feet  is  not  uncommon. 
Passenger-cars  (day  coaches)  are  usually  50  feet  long,  exclusive  of 
the  end  platforms  and  weigh  45000  to  50000  lbs.  Sixty  pas- 
sengers at  150  pounds  apiece  (a  high  average'^  will  Qt>^?3  ^^^ 
9000  lbs.  to  the  weight.  A  parlor-car  or  dee^e^  'ys,  ^^-t^et"^^ 
about  65  feet  7on^  exclusive  of  the  platforms,  vj\v\e\v  ^^^  A^c^ 
6'  6'\      The  weight   is    anywhere     irom  WOW    \.o   ^^^^^  ^'^^ 
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The  weight  of  the  25  or  30  passengers  it  may  carry  is  hardly 
worth  considering  in  comparison. 

329.  Stresses  to  which  car-frames  are  subjected.  A  car 
is  structurally  a  truss,  supported  at  points  at  some  distance 
from  the  ends  and  subjected  to  transverse  stress.  There  is, 
therefore,  a  change  of  flexure  at  two  points  between  the  trucks. 
Besides  this  stress  the  floor  is  subjected  to  compression  when 
the  cars  are  suddenly  stopped  and  to  tension  when  in  ordinary 
motion,  the  tension  being  greater  as  the  train  resistance  is 
greater  and  as  the  car  is  nearer  the  engine.  The  tension  is 
sometimes  relieved  by  means  of  continuous  drawbars  (see 
§  331),  but  this  affords  no  relief  against  impact  during  com- 
pression, v/hich  is  really  more  destructive.  The  shocks,  jars, 
and  sudden  strains  to  which  the  car-frames  are  subjected  are 
veiy  much  harder  on  them  than  the  mere  static  strains  due  to 
their  maxinumi  loads  if  the  loads  were  quiescent.  Consequently 
any  calculations  based  on  the  static  loads  are  practically  value- 
less, except  as  a  very  rough  guide,  and  previous  experience 
must  be  relied  on  in  designing  car  bodies.  As  evidence  of  the 
increasing  demand  for  strength  in  car-frames,  it  has  been  re- 
cently observed  that  freight-cars,  built  some  years  ago  and 
built  almost  entirely  of  wood,  are  requiring  repairs  of  wooden 
parts  which  have  been  crushed  in  service,  the  wood  being  per- 
fectly soimd  as  regards  decay. 

330.  The  use  of  metal.  The  use  of  metal  in  car  construction 
is  very  rapidly  increasing..  ""Ihe  demand  for  greater  strength 
in  car-frames  has  grown  imtil  the  wooden  framing  has  become 
so  heavy  that  it  is  found  possi])le  to  make  steel  frames  and 
trucks  at  a  small  additional  cost,  the  steel  frames  being  twice 
as  strong  and  yet  reducing  the  d(\ad  weight  of  the  car  about 
5000  lbs.,  a  consideration  of  no  small  value,  especially  on  roads 
having  heavy  grades.  Another  reason  for  the  increasing  use 
of  metal  is  the  great  reduction  in  the  price  of  rolled  or  pressed 
steel,  while  the  cost  of  wood  is  possibly  higher  than  before. 
The  advocates  of  the  use  of  steel  advise  steel  floors,  sides,  etc. 
For  box-cars  a  wooden  floor  has  advantages.  For  ore  and 
coal-cars  an  all-metal  construction  has  advantages.  (Fig.  201.) 
In  Ceniiany,  where  steel  frames  hav(»  been  almost  exclusively 

j'n  use  for  many  years,  they  have  not  yet  been  able  to  determine    1 
the  normal  a^n  linnt  of  such  Srawu^s*,  wwwi  XwiN^i  n^\.  \Bom  out. 
The  life  is  estimated  at  50  \o  ^^>  yoat^. 


Fig.  200.-100.000-LB.  Box  Car. 


Fig.  201.— ^teel  Coal  Cab. 


Fig.  202.-WOODEN  Box  Car;  ^i^^^^^^^ 
(To  face  page  366. ) 
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Brake-beams  are  also  best  made  of  metal  rather  than  wood, 
as  was  formerly  done.  Metal  brake-beams  are  generally  nsed 
on  rars  having  air-brakes,  as  a  wooden  beam  must  be  exces- 
sively large  and  heavy  in  order  to  have  sufficient  rigidity. 

Truck-frames  (see  Fig.  203),  which  were  formerly  made 
principally  of  wood,  are  now  largely  made  of  pressed  steel. 
It  makes  a  reduction  in  weight  of  about  3000  lbs.  per  car. 
The  increased  durability  is  still  an  uncertain  quantity. 


Fio.  203. 

331.  Draft-gear.  These  are  of  necessity  made  with  springs 
for  all  passenger-  and  freight-cars.  Coal-jimmies  are  often 
fastened  together  by  links  dropped  over  hooks,  but  the  larger 
coal-cars  require  springs  to  absorb  the  shocks.  There  is  a 
considerable  theoretical  advantage  in  "continuous  draft-gear/' 
i.e.  having  a  rod  (or  pair  of  rods)  running  continuously  from 
end  to  end  of  the  car  so  that  there  shall  be  no  tensile  stress  on 
the  car-body  itself.  But  there  are  several  objections  in  prac- 
tice, (a)  The  draft-rod,  if  there  is  but  one,  should  be  in  the 
center  line  of  the  car,  i.e.  pass  through  the  two  truck-centers  and 
the  king-pins,  which  is  impracticable.  This  difficulty  is  some- 
times obviated  in  an  objectionable  way  by  running  the  draw- 
bar above  the  truck-center.  A  bettor  method  is  to  use  a  pair 
of  rods.  (6)  The  rod  is  of  no  vahie  during  compression,  and 
it  is  the  compression  a  car  receives  by  minor  collisioiv^  dv«\v\% 
switching  which  produces  inaxinmm  m^UTy  lo  Wv^  q.^x-\:>c>^^ 
and  the  draft-gear,  (c)  The  rod  is  niVicVi  iwore  \va\A^.  V^o  mV»^ 
and  requires  much  more  expciiisive  repairs  v^Yisio.  mvix^- 
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• 
The  older  method  is  to  bolt  the  beams  holding  the  draft- 
gear  to  the  under  side  of  the  car-body.  This  form  is  objection- 
able owing  to  the  fact  that  the  push  and  pull,  being  transmitted 
through  the  car-body,  act  eccentrically,  tend  to  loosen  the 
draft-beams  from  the  car-body,  and  in  case  of  a  violent  col- 
lision have  been  known  to  actually  buckle  the  car-body  up- 
ward (the  cars  being  "flats").  The  fastening  of  the  draft- 
gear  to  the  car-body  has  been  made  more  secure  by  using  cast- 
iron  keys,  then  still  more  so  by  running  the  beams  back  to 
the  *' transoms"  (the  heavy  cross-beams  which  support  the  car 
and  transfer  its  weight  to  the  trucks),  then  by  making  a  double 
center  sill  extending  through  the  length  of  the  car.  Another 
device  is  to  run  the  drait-geSLT  through  the  end  sill  and  then 
the  line  of  push  and  pull  running  through  the  car-frame  instead 
of  under  it,  the  car-frame  can  furnish  its  maximum  resistance. 

332.  Gauge  of  wheels  and  form  of  wheel-tread.  In  Fig.  204 
is  shown  the  standard  adopted  by  the  Master  Car  Builders' 
Association  at  their  twentieth  annual  convention.  Note  the 
normal  position  of  the  gauge-line  on  the  wheel-tread.  In 
Fig.  114,  p.  238,  the  relation  of  rail  to  wheel-tread  is  shown 
on  a  smaller  scale.  It  should  be  noted  that  there  is  no  definite 
position  where  the  wheel-flange  is  absolutely  "chock-a-block" 
against  the  rail.  As  the  pressure  increases  the  wheel  mounts 
a  Httle  higher  on  the  rail  until  a  point  is  soon  reached  when  the 
resistance  is  too  great  for  it  to  mount  still  higher.  By  this 
means  is  avoided  the  shock  of  unyielding  impact  when  the  car 
sways  from  side  to  side.  When  the  gauge  between  the  inner 
faces  of  the  wheels  is  greater  or  less  than  the  limits  given  in 
the  figure,  the  interchange  rules  of  the  Master  Car  Builders' 
Association  authorize  a  road  to  refuse  to  accept  a  car  from 
another  road  for  transportation.  At  junction  points  of  rail- 
roads inspectors  are  detailed  to  see  that  this  rule  (as  well  as 
many  others)  is  compHed  with  in  respect  to  all  cars  offered 
for  transfer. 

TllAIN-BRAKES. 

333.  Introduction.  Owing  to  the  very  general  misappre- 
hension that  exists  regarding  the  nature  and  intensity  of  the 

action  of  brakes,  a  complete  analyv^is  of  the  problem  is  con- 

sidercd  jusiifiablc.     This  niisapprti\\oi\tium  \^  '^\w?\,\«i.\.^^  V»^  the 

common  notion   (and  even  praciicvi^  \X\aAi  W\^  ^^^^\I\n«os^  ^:&. 
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Fig.  204. — M.  C.  B.  Standard  Wheel-tread  and  Axle. 
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braking  a  car  is  proportional  to  the  ])rako  pressure,  and  there- 
fore a  brakcnian  is  frequently  w^en  using  a  bar  to  obtain  a 
grcjaier  leverage  on  the  brake-wheel  and  using  his  utmost 
strength  to  obtain  the  nuixinuim  pull  on  the  brake-chain  while 
the  car  is  skidding  along  w  ith  locked  wheels. 

When  a  vehicle  is  moving  on  a  track  with  a  considerable 
velocity,  the  mass  of  the  vehicle  possesses  kinetic  energy  of 
translation  and  the  wheels  possess  kinetic  energy  of  rotation. 
To  stop  the  vehicle,  this  energy  must  be  destroyed.  The 
rotary  kinetic  energy  will  vary  from  about  4  to  8%  of  the 
kinetic  energy  of  translation,  according  to  the  car  loading 
(see  §  347).  On  steam  railroads  brake  action  is  obtained  by 
pressing  brake-shoes  against  car-wheel  treads.  As  the  brake- 
shoe  pressure  increases,  the  brake-shoes  retard  with  increasing 
force  the  rotary  action  of  the  wheels.  As  long  as  the  wheels 
do  not  slip  or  "skid"  on  the  rails,  the  adhesion  of  the  rails 
forces  them  to  rotate  with  a  circumferential  velocity  equal  to 
the  train  velocity.  The  retarding  action  of  the  brake-shoe 
checks  first  the  rotative  kinetic  energy  (which  is  small),  and 
the  remainder  develops  a  tendency  for  the  wheel  to  slip  on  the 
rail.  Since  the  rotative  kinetic  energy  is  such  a  small  per- 
centage of  the  total,  it  will  hereafter  be  ignored,  except  as 
specifically  stated,  and  it  will  be  assumed  for  simplicity  that 
the  only  work  of  the  brakes  is  to  overcome  the  kinetic  enei^ 
of  translation.  The  possible  effect  of  grade  in  assisting  or 
preventing  retardation,  and  the  effect  of  all  other  track  resist- 
ances, is  also  ignored.  The  fimount  of  the  developed  force 
which  retanls  the  train  movement  is  limited  to  the  possible 
adhesion  or  static  friction  betAveen  the  wheel  and  the  rail. 
When  the  friction  beUveen  the  brake-shoe  and  the  wheel  ex- 
ceeds the  adhesion  between  the  wheel  and  the  rail,  the  wheel 
skids,  and  then  the  friction  ])etween  the  wheel  and  the  rail 
at  once  drops  to  a  much  less  c|uantity.  It  must  therefore  be 
remembered  at  the  outset  that  the  retarding  action  of  brake- 
slioes  on  wheels  as  a  means  of  stopping  a  train  is  absolutely 
limited  by  the  possible  static  friction  between  the  braked 
wheels  and  the  rails. 

334.  Laws  of  friction  as  applied  to  this  problem.     Much  of 

the  niisapprehviMiiow  regarding  this  problem  arises  from  a  XQiy 

common  and  widcspivud  misstatenuuV  <.A  V\u-  ^v;\i<ivol  laws  of 

friction.     It  iis  /requciitly  stated  l\\al  inc\.\o\\  \^  \rA^^TA<^\, 
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of  the  velocity  and  of  the  unit  of  pressure.  The  first  of  these 
so-called  laws  is  not  even  approximately  true.  A  very  exhaus- 
tive series  of  tests  were  made  bj^  Capt.  Douj^las  Galton  on  the 
Brighton  Railway  in  England  in  1878  and  1879,  and  by  M. 
George  Mari6  on  the  Paris  and  Lyons  Railway  in  1879,  with 
trains  which  were  specially  fitted  with  train-brakes  and  with 
dynagraphs  of  various  kinds  to  measure  the  action  of  the 
brakes.  Experience  proved  that  variations  in  the  condition  of 
the  rails  (wet  or  dry),  and  numerous  irregularities  incident  to 
measuring  the  forces  acting  on  a  heavy  body  moving  with  a 
high  velocity,  were  such  as  to  give  somewhat  discordant  re- 
sults, even  when  the  conditions  were  made  as  nearly  identical 
as  possible.  But  the  tests  were  carried  so  far  and  so  persist- 
ently that  the  general  laws  stated  below  were  demonstrated 
beyond  question,  and  even  the  numerical  constants  were  deter- 
mined as  closely  as  they  may  be  practically  utilized.  These 
laws  may  be  briefly  stated  as  follows: 

(a)  The  coefiicient  of  friction  between  cast-iron  brake-blocks 
and  steel  tires  is  about  .3  when  the  wheels  are  "just  mov- 
ing"; it  drops  to  about  .16  when  the  velocity  is  about  30  miles 
per  hour,  and  is  less  than  .10  when  the  velocity  is  GO  miles  per 
hour.  These  figures  fluctuate  considerably  with  the  condition 
of  the  rails,  wet  or  dry. 

(b)  The  coefficient  of  friction  is  greatest  when  the  brakes 
are  -  first  applied ;  it  then  reduces  very  rapidly,  decreasing 
nearly  one  third  after  the  brakes  have  been  applied  10  seconds, 
and  dropping  to  nearly  one  half  in  the  course  of  20  seconds. 
Although  the  general  truth  of  this  law  was  established  beyond 
question,  the  tests  to  demonstrate  the  law  of  the  variation  of 
friction  with  time  of  application  were  too  few  to  determine 
accurately  the  numerical  constants. 

(c)  The  friction  of  skidded  wheels  on  rails  is  always  very 
much  less  than  the  adhesion  when  the  wheel  is  rolling  on  the 
rail — sometimes  less  than  one  third  as  much. 

(d)  An  analysis  of  the  tests  all  pointed  to  a  law  that  the 
friction  developed  does  not  increase  as  rapidly  as  the  intensity 
of  pressure  increases,  but  this  may  hardly  be  considered  as 
an  established  law. 

(e)  The  adhesion  between  the  wheel  and  the  t^\\.  ^-\^^(^'ax^  \i^ 
be  independent  of  velocity.     The  ad\\esvoTv\veTe  tsv^qav^  "Ocv^^o"^^^ 
that  must  be  developed  before  the  \vV\ee\  ^VW.  ^v^  o^  "^^  "^^^^ 
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The  practicai  effect  of  these  laws  is  shown  by  the  foUowing 
observed  phenomena: 

(a)  When  the  brakes  are  first  applied  (the  velocity  being 
very  high),  a  brake  pressure  far  in  excess  of  the  weight  on  the 
wheel  (even  three  or  four  times  as  much)  may  be  applied  with- 
out skidding  the  wheel.  This  is  partly  due  to  the  fact  that 
the  wheel  has  a  very  high  rotative  kinetic  energy  (which  vftiies 
as  the  square  of  the  velocity,  and  which  must  be  overeome 
first),  but  it  is  chiefly  due  to  the  fact  that  the  coefficient  of 
friction  at  the  higher  velocity  is  very  small  (at  60  miles  per 
hour  it  is  about  .07),  while  the  adhesion  between  tJie  wheel  and 
the  rail  is  independent  of  the  vdocity. 

(h)  As  the  velocity  decreases  the  brake  pressure  must  be 
decreased  or  the  wheels  wall  skid.  Although  the  friction  de- 
creases ^nth  the  time  required  to  stop  and  increases  with  the 
reduction  of  speed,  and  these  two  effects  tend  to  neutralize 
each  other,  yet  unless  the  stop  is  very  slow,  the  increase  In 
friction  due  to  reduction  of  speed  is  much  greater  than  the 
decrease  due  to  time,  and  therefore  the  brake  pressure  must 
not  be  greater  than  the  weight  on  the  wheel,  unless  momentajiily 
while  the  speed  is  still  very  high. 

(c)  The  adhesion  between  wheels  and  rails  varies  from  .20 
to  .25  and  over  when  the  rail  is  dry.  When  wet  and  slippery 
it  may  fall  to  .18  or  even  .15.  The  use  of  sand  will  always 
raise  it  above  .20,  and  on  a  dry  rail,  when  the  sand  is  not  blown 
away  by  wind,  it  may  raise  it  to  .35  or  even  .40. 

(d)  Experiments  were  made  with  an  automatic  valve  by 
which  the  brake-shoe  pressure  against  the  wheel  should  be 
reduced  as  the  friction  increased,  but  since  (1)  the  essential 
requirement  is  that  the  friction  produced  by  the  brake-shoes 
shall  not  exceed  the  adhesion  between  rail  and  whed,  and 
since  (2)  the  rail-wheel  adhesion  is  a  very  variable  quantity, 
depending  on  whether  the  rail  is  wet  or  dry,  it  has  been  found 
impracticable  to  use  such  a  valve,  and  that  the  best  plan  is  to 
leave  it  to  the  engineer  to  vary  the  pressure,  if  necessary,  by  the 
use  of  the  brake-valve. 

MECHANISM    DF   BRAKES. 

33S-  Hand-brakes,    The  old  8ty\G  ol  btak^^  tcsaft\si<A  ^i  btake- 
sJjoes  of  some  type  which  are  prGPised  a^av^sX.  Wv^  >N\Nfii^Av!Ad& 
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by  t»^As  ol  *  brsrite-t^CiMiiiiy  w^cfh  is  apGt&ied  by  means  of  a 
hantd-wiAdltfss  amd  ciidti  G^¥a4kig  at-  set  of  levels.  It  is  desir- 
£ible  that  tei^kes^  shall  bo*  be  set  ^  tightly  that  the  wheels 
siMtt  be  lodged,  attd  tlnett  slide  over  the  track,  producing 
fla*  pktee^  o«  tkewi,  which  afe  very  destructive  to  the 
FdlKng-sloek  £ind  ttatek  affterwao^df,  on  acconnt  of  the  impact 
opeaeioned  at  each  revolution.  With  aar-brfites  the  maximum 
pressure  ol  the  brake-^ioes  cshi  be  qtnte  carefMly  Regulated, 
and  they  arr  so  designed  thftt  the  maximrdm  pressure  exerted 
by  any  paif  o*  bi?afce-rf*oes  on  the  wheels  of  aaby  atle  shall  not 
exceed  a  eei'tain;  pe*  ceofe.  of  the  weight  catried  by  that  axle 
when  the  car  is  emptif^  90%  being  the  figure  usually  adopted 
for  passenger-car^-  and  70%  for  freight-cars.  Consider  th& 
csfee  of  a  fite^t-car  of  100000  lbs.  capacity,  weighing  33100  lbs., 
OP  8275  lbs.  on*  sm  axfe>  and  eiqfuipped  with  a  hand-bi*ake  which 
operates  the  fevers  an<f  brake-bCMns,  which  are  sketched  in 
Fig.  205.    The  dead  wei^  on  an  axfe  te  8275  lbs.;  70%  of 


=  3'*5792 


Fig.  20S. — Sketch  of'  KifficliAi^rsM'  ot  Hanb-brake. 

this  v»  5Qr92  Ibs^.,  whicfe  is;  the  maximum  allowable  pressure 
p6»  brafcci-bettm,  or  2896  Uws.  pev  brake-shoe.  With  the  dimen- 
^JMis  sAlowii,.  such  a  pressure  will  be  produced  by  a  puU*  of  about 
l^ltSS  Hbsi  on  the  brake-chaHn-.  The  power  gained  by  the  brake- 
wheel  k  not  ecjwal  to  thift  ratio  of  the  brake^wheel  diameter 
ta  the  diafmcter  of  tfee  shaft,  about  which  the  brake-chsaxsL 
Wdftds,  which  i6  about  16'  to  1$.  T^fc  ratio  ol  W\%  c«K!>3xcv^5st- 
ex^ee  of  the  ft»<aire-wheel  to  the  len-gtYi  ol  cYvam  ^ovvsv^  \x^\>^  ^ 
oDe  complete  turn  w&^jM  be  a  closer  ftgvvie.    T\\^  Vs^^  ^^  ^  ^^ 
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ciency  in  such  a  clumsy  mechanism  also  reduces  the  effective 
ratio.  Assumine:  the  effective  ratio  as  6:1  it  would  require  a 
pull  of  193  lbs.  at  the  circumference  of  the  brake-wheel  to 
exert  1158  lbs.  pull  on  the  brake-chain,  or  5792  lbs.  pressure 
on  the  wheels  at  H,  and  even  this  will  not  lock  the  wheels  when 
the  car  is  empty,  nnich  less  when  it  is  loaded.  Kote  that  the 
pressures  at  .1  and  li  are  unequal.  This  is  somewhat  objec- 
tionable, but  it  is  unavoidable  with  this  simple  form  of  brake- 
b(iam.  More  complicated  forms  to  avoid  this  are  sometimes 
used.  Hand-brakes  arc,  of  course,  cheapest  in  first  cost,  and 
even  with  the  best  of  automatic  brakes,  additional  mechanism 
to  operate  the  brakes  by  hand  in  an  emergency  is  always  pro- 
vided, but  their  slow  operation  when  a  quick  stop  is  desired 
makes  it  exceedingly  dangerous  to  attempt  to  run  a  train  at 
high  speed  unl(»ss  some  automatic  brake  directly  under  the 
control  of  the  engineer  is  at  hand.  The  great  increase  in  the 
average  velocity  of  trains  during  recent  years  has  only  been 
rendered  possible  by  the  invention  of  automatic  brakes. 

336.  "Straight"  air-brakes.  The  essential  constructive  fea- 
tures of  this  fonn  of  brake  are  (1)  an  air-pump  on  the  engine, 
operated  by  steam,  which  compresses  air  into  a  reser\^oir  on 
the  engine;  (2)  a  ''brake-pipe"  running  from  the  reservoir 
to  the  rear  of  the  (^ngine  and  pipes  running  under  each  car, 
the  pipes  having  flexi])le  connections  at  the  ends  of  the  cars 
and  engine;  (3)  a  cylinder  and  piston  under  each  car  which 
operates  the  brakes  by  a  system  of  lovers,  the  cylinder  being 
connected  to  the  biake-pipe.  The  reservoir  on  the  engine 
holds  compressed  air  at  about  45  lbs.  pressure.  To  operate  the 
brakes,  a  valve  on  the  (;ngine  is  opc^ned  which  allows  the  com- 
pressed air  to  flow  from  the  reservoir  through  the  brake-pipe 
to  each  cylii.dcT,  movhig  the  piston,  which  thereby  moves  the 
lovers  and  applies  the  brakes.  The  dejects  of  this  system  are 
many  (1)  With  a  long  train,  considerable  time  is  required  for 
the  air  to  flow  from  the  reservoir  on  the  engine  to  the  rear  cars, 
and  for  an  emergency-stop  even  this  delay  would  often  be 
fatal;  (2)  if  the  train  breaks  in  two,  the  rear  portion  is  not 
provided  with  power  for  operating  the  brakes,  and  a  dangerous 
collision  would  often  be  the  result;  (3)  if  an  air-pipe  couph'ng 
bursts  under  any  car,  the  whole  system  becomes  absolutely 
helpless,  and  as  such  a  tiling  might  happen  during  some  emer- 
gency,  tho  accidQnX  would  then  be  especially  fatal. 
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This  form  of  brake  has  almost,  if  not  entirely,  passed  out  of 
use.  It  is  here  briefly  described  in  order  to  show  the  logical 
development  of  the  form  which  is  now  in  almost  universal  use, 
the  automatic. 

337.  Automatic  air-brakes.  The  above  defects  have  been 
overcome  by  a  method  which  may  be  briefly  stated  as  follows: 
A  reservoir  for  compressed  air  is  placed  under  each  car  and  the 
tender;  whenever  the  pressure  in  these  reservoirs  is  reduced 
for  any  reason,  it  is  automatically  replenished  from  the  main 
reservoir  on  the  engine;  whenever  the  pressure  in  the  brake- 
pipe  is  reduced  for  any  cause  (opening  a  valve  at  any  point  of 
its  length,  parting  of  the  train,  or  bursting  of  a  pipe  or  coupler), 
valves  are  automatically  moved  under  each  car  to  operate  the 
piston  and  put  on  the  brakes.  All  the  brakes  on  the  train  are 
thus  applied  almost  simultaneously.  If  the  train  breaks  in  two, 
both  sections  will  at  once  have  all  the  brakes  applied  automati- 
cally ;  if  a  coupling  or  pipe  bursts,  the  brakes  are  at  once  applied 
and  attention  is  thereby  attracted  to  the  defect;  if  an  emer- 
gency should  arise,  such  that  the  conductor  desires  to  stop 
the  train  instantly  without  even  taking  time  to  signal  to  the 
engineer,  he  can  do  so  by  opening  a  valve  placed  on  each  car, 
which  admits  air  to  the  train-pipe,  which  will  set  the  brakes 
on  the  whole  train,  and  the  engineer,  being  able  to  discover 
instantly  what  had  occurred,  would  shut  off  steam  and  do 
whatever  else  was  necessary  to  stop  the  train  as  quickly  as  pos- 
sible. The  most  important  and  essential  detail  of  this  system 
is  the  "automatic  triple  valve"  placed  under  each  car.  Quot- 
ing from  the  Westinghouse  Air-brake  Company's  Instruction 
Book,  "A  moderate  reduction  of  air  pressure  in  the  train-pipe 
causes  the  greater  pressure  remaining  stored  in  the  auxiliary 
reservoir  to  force  the  piston  of  the  triple  valve  and  its  slide- 
valve  to  a  position  which  will  allow  the  air  in  the  auxiliary 
reservoir  to  pass  directly  into  the  brake-cylinder  and  apply  the 
brake.  A  sudden  or  violent  reduction  of  the  air  in  the  train- 
pipe  produces  the  same  effect,  and  in  addition  causes  supple- 
mental valves  in  the  triple  valve  to  be  opened,  permitting  the 
pressure  from  the  train-pipe  to  also  enter  the  brake-cylinder, 
augmenting  the  pressure  derived  from  the  auxiliary  reservoir 
about  20%,  producing  practically  instantaneous  action  of  the 
brakes  to  their  highest  efficiency  throughout  the  entire  train. 
When  the  pressure  in  the  brake-pipe  ia  ag^am  x^^Xot^  x^  *^^ 
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amount  in  excess  of  that  remaining  in  the  auxiliary  reservoir, 
the  piston-  and  slide-valves  are  forced  in  the  opposite  direction 
to  their  nonnal  position,  opening  commimication  from  the  train- 
pipe  to  the  auxiliary  reservoir,  and  permitting  th^  air  in  the 
brake-cylinder  to  escape  to  the  atmosphere,  thus  releasing  the 
brakes.  If  the  engineer  wishes  to  apply  the  brake,  he  moves 
the  handle  of  the  engineer's  brake-valve  to  the  right,  which 
first  closes  a  port,  retaining  the  prcssm^  in  the  main  raservoir, 
and  then  permits  a  portion  of  the  air  in  the  train-pipe  to  escape. 
To  release  the  brakes,  he  moves  the  handle  to  the  extreme 
left,  which  allows  the  air  in  the  main  reservoir  to  flow  freely 
into  the  brake-pipe,  restoring  the  pressure  therein." 

338.  Tests  to  measure  the  efficiency  of  brakes.  Let  v  repre- 
sent the  velocity  of  a  train  in  feet  per  second;  W,  its  weight; 
Fy  the  retarding  force  due  to  the  brakes;  d,  the  distance  in  feet 
required  to  make  a  stop;  and  g,  the  acceleration  of  gravity 
(32.16  feet  per  square  second);  then  the  kinetic  energy  pos- 
sessed by  the  train  (disregarding  for  the  present  the  rotative 

kinetic  energy  of  the  wheels)  =-^—.     The  work  done  in  stop- 

ping  the  tram  =Fd.  ,'.  Fd  =  ~^.  The  ratio  of  the  retarding 
force  to  the  weight, 

In  order  to  compare  tests  made  under  varying  conditions,  the 
ratio  F-i-W  sliould  be  corrected  for  the  effect  of  grade  ( 4-  or  — ), 
if  any,  and  also  for  the  proportion  of  the  weight  of  the  train 
which  is  on  braked  wheels.  For  example,  a  train  weighed 
14G076  lbs.,  the  proportion  on  braked  wheels  was  67%,  speed 
60  feet  per  second,  length  of  stop  450  feet,  track  level.  Sub- 
stituting these  values  in  the  above  formula,  we  find  (F-i-W) 
=  .124.  This  value  is  really  unduly  favorable,  since  the  ordi- 
nary track  resistance  helps  to  stop  the  train.  This  has  a  value 
of  from  6  to  20  lbs.  per  ton,  averaging  say  10  lbs.  per  ton  dur- 
ing the  stop,  or  .005  of  the  weight.  Since  the  effect  of  this  is 
small  and  is  nearly  constant  for  all  trains,  it  may  be  ignored 
in  comparative  tests.  The  grade  m  Ihia  case  was  level,  and 
therefore  grade  had  no  effect,  liul  wxie^  ^x^"^  ^'T^o  ^V  ^^» 
n^j^ht  was  on  braked  wheels,  t\ie  laWo,  on \)Mi\iwa&^lo».^^ 
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wheels  braked,  or  of  the  weight  reduced  to  that  actually  on  the 
braked  wheels,  is  0.124 -r- ,67  =0.185.  This  was  called  a  "good" 
stop,  although  as  high  a  ratio  as  0.200  has  been  obtained. 

339.  Brake-shoes.  Brake-shoes  were  formerly  made  of 
wrought  iron,  but  when  it  was  discovered  that  cast-iron  shoes 
would  answer  the  purpose,  the  use  of  wrought-iron  shoes  was 
abandoned,  since  the  cast-iron  shoes  are  so  much  cheaper.  A 
cheap  practice  is  to  form  the  brake-shoe  and  its  head  in  one 
piece,  which  is  cheaper  in  first  cost,  but  when  the  wearing-sur- 
face is  too  far  gone  for  further  use,  the  whole  casting  must  be 
renewed.  The  "Christie"  shoe,  adopted  by  the  Master  Car 
Builders'  Association  as  standard,  has  a  separate  shoe  which 
is  fastened  to  the  head  by  means  of  a  wrought-iron  key.  The 
shoe  is  beveled  J"  in  a  width  of  3J"  to  fit  the  coned  wheel. 
This  is  a  greater  bevel  than  the  standard  coning  of  a  car-wheel. 
It  is  perhaps  done  to  allow  for  some  bending  of  the  brake- 
beam  and  also  so  that  the  maximum  pressure  (and  wear)  should 
come  on  the  outside  of  the  tread,  rather  than  next  to  the  flange, 
where  it  might  tend  to  produce  sharp  flanges.  By  concen- 
trating the  brake-shoe  wear  on  the  outer  side  of  the  tread,  the 
wear  on  the  tread  is  more  nearly  equalized,  since  the  rail  wears 
the  wheel-tread  chiefly  near  the  flange.  This  same  idea  is 
developed  still  further  in  the  "flange-shoes,"  which  have  a 
curved  form  to  fit  the  wheel-flange  and  which  bear  on  the 
wheel  on  the  flange  and  on  the  outside  of  the  tread.  It  is 
claimed  that  by  this  means  the  standard  form  of  the  tread  is 
better  preserved  than  when  the  wear  is  entirely  on  the  tread. 
The  Congdon  brake-shoe  is  one  of  a  type  in  which  wrought- 
iron  pieces  are  inserted  in  the  face  of  a  cast-iron  shoe.  It  is 
claimed  that  these  increase  the  life  of  the  shoe. 


CHAPTER  XVI. 
TRAIN  RESISTANCE. 

340.  Classffication  of  the  various  forms.  The  various  resist- 
ances which  must  bo  overcome  by  the  power  of  the  locomotive 
may  be  classified  as  follows: 

(a)  Resistances  internal  to  the  locomotive^  which  include  fric- 
tion of  the  valve-gear,  piston-  and  connecting-rods,  journal 
friction  of  the  drivers;  also  all  the  loss  due  to  radiation,  con- 
densation, friction  of  the  steam  in  the  passages,  etc.  In  short, 
these  resistances  are  the  sum-total  of  the  losses  by  which  the 
power  at  the  circumforencc  of  the  drivers  is  less  than  the  power 
developed  by  the  boiler. 

Q))  Velocity  resistances,  which  include  the  atmospheric  resist- 
ances on  the  ends  and  sides;  oscillation  and  concussion  resist- 
ances, due  to  imeven  track,  etc. 

(c)  Wheel  resistances,  which  include  the  rolling  friction  be- 
twecn  the  wheels  and  the  rails  of  all  \ho.  wheels  (including  the 
drivers) ;  also  the  journal  friction  of  all  the  axles,  except  those 
of  the  drivers. 

(d)  Grade  and  curve  resistances,  which  include  those  resist- 
ances which  are  due  to  grade  and  to  curves,  and  which  are  not 
found  on  a  straight  and  level  track. 

(e)  Brake  resistances.  As  shown  later,  brakes  consume 
power  and  to  the  extent  of  their  use  increase  the  energj-  to 
be  developed  by  the  locomotive. 

(/)  Inertia  resistances.  The  resistance  due  to  inertia  is  not 
generally  considered  as  a  train  resistance  because  the  energy 
which  is  stored  up  in  the  train  as  kinetic  energy  may  be  util- 
ized in  overcoming  future  resistances.  But  in  a  discussion 
of  the  demands  on  the  tractive  power  of  the  engine,  one  of  the 
chief  items  is  the  energy  required  to  rapidbj  give  to  a  starting 
train  its  normal  velocity.  This  is  (\specially  true  of  suburban 
trains,  wliich  must  acquire  speed  very  c\meVX^  m  ot^'ei  IVimbA 
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their  general  average  speed  between  termini  may  be  even  reason- 
ably fast. 

341.  Resistances  internal  to  the  locomotive.  These  are  re- 
sistances which  do  not  tax  the  adhesion  of  the  drivers  to  the 
rails,  and  hence  are  frequently  considered  as  not  being  a  part 
of  the  train  re-^istance  properly  so  called.  If  the  engine  were 
considered  as  lifted  from  the  rails  and  made  to  drive  a  belt 
placed  around  the  drivers,  then  all  the  power  that  reached  the 
belt  would  be  the  power  that  is  ordinarily  available  for  adhe- 
sion, while  the  remainder  would  be  that  consumed  internally 
by  the  engine.  The  power  developed  by  an  engine  may  be 
obtained  by  taking  indicator  diagrams  which  show  the  actual 
steam  pressure  in  a  cylinder  at  any  part  of  a  stroke.  From 
such  a  diagram  the  average  steam  pressure  is  easily  obtained, 
and  this  average  pressure,  multiplied  by  the  length  of  the  stroke 
and  by  the  net  area  of  the  piston,  gives  the  energy  developed 
by  one  half-stroke  of  one  piston.  Four  times  this  product 
divided  by  550  times  the  time  in  seconds  required  for  one  stroke 
gives  the  "indicated  horse-power"  Even  this  calculation 
gives  merely  the  power  behind  the  piston,  which  is  several  per 
cent,  greater  than  the  power  which  reaches  the  circumference 
of  the  drivers,  owing  to  the  friction  of  the  piston,  piston-rod, 
cross-head,  connecting-rod  bearings,  and  driving-wheel  jour- 
nals. (See  §  322,  Chapter  XV.)  By  measuring  the  amount 
of  water  used  and  turned  into  steam,  and  by  noting  the  boiler 
pressure,  the  energy  possessed  by  the  steam  used  is  readily 
computed.  The  indicator  diagrams  will  show  the  amount  of 
steam  that  has  been  effective  in  producing  power  at  the  cylin- 
ders. The  steam  accounted  for  by  the  diagrams  will  ordinarily 
amount  to  80  or  85%  of  the  steam  developed  by  the  boiler, 
and  the  other  15  or  20%  represents  the  loss  of  energy  due  to 
radiation,  condensation,  etc.  From  actual  ttsts  it  has  been 
found  that  the  power  consumed  by  an  engine  running  light  is 
about  11%.  of  that  required  by  the  engine  when  working  hard 
in  express  freight  service.  But  since  the  engine  resistances 
(friction,  etc.)  are  increased  when  it  is  pulling  a  load,  it  was 
estimated,  after  allowing  for  this  fact,  that  about  15  or  16% 
of  the  power  developed  by  the  pistons  was  consumed  by  the 
engine,  leaving  about  84  to  85%  for  the  train. 

342.  Velocity  resistances,     (a)  Atmospheric.    T\vy^  c.qvsssj^w^  «2^ 
tbe  head  and  tail  resistances  and  tYie  dde  T^si.?X»«cwi^.    ^Ytsfc^is**^ 
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aad  t»il  resistances  are  neaily  constant  for  all  trains  of  glve& 
velocity,  varying  but  slightly  with  the  varying  crossrsecticxia 
of  engines  and  cars.  The  side  resistance  varies,  with  the  length 
of  the  train  and  the  character  of  the  cars^.  box-cars  or  flats,,  etc. 
Vestibuling  ears  has  a  considerable  effect  in  reduxjing  this  side 
ipesistance  by  preventing  much  of  the  eddyiag  of  air-currents 
between  the  cars,  althcHJgh  this  is  one  of  the  least  of  the  ad 
vamliage^.  of  vestibuling.  Atmospheric  resistance  is  generally 
assumed  to  wajy  as  the  square  of  the  velocity,  and  although 
this  may  be  nearly  true,  it  has  been  experimentally  demon 
strated  to^  be  at  least  inacciirate.  The  head  resistance  is^  gen 
ecaUy  assumed  to  vary  as  the  area  of  the  cross^-section,  but  this 
has  been  definitely  demonstrated  to  be  very  far  from  true.  A 
freight-train  composed  partly  of  flat-cars  and  partly  of  box- 
cajps  will'  encounter  considerably  more  atmospheric  resista^icQ 
than)  one  made  exclusively  of  either  kind,  other  things  being 
equeL  The  definite  information  on  this  subject  is  very  unsat-» 
isfiactopy,  but  this  is  possibly  due  to  the  fact  that  it  is-  of  little 
praeticaJ:  importance  to  know  just  how  much  such  resistance 
amounts  to. 

(6)  Oscillatory  and  concussive.  These  resistances  are  con- 
sidered to  vary  as  the  square  of  the  velocity.  Probal)ry  this 
is  nearly,  if  not  quite,  correct  on  the  general  principle-  that  such 
resistances  are  a  succession,  of  impacts  and  the  force  of  impa4:ts 
varies  as  the  square  of  the  velocity.  These  impacts  are  due  to 
the  defects  of  the  track,  and  even  though  it  were  possible  to 
make  a  pcecise  determination  of  the  amount  of  this  resistance 
in  any  particular  case,  the  value  obtained  would  only  be  true 
for  that  particular  piece  of  track  and  for  the  particular  degree 
of  excellence  or  defect  which  the  track  then  possessed..  The 
general  improvement  of  track  maintenance  during  late  years 
has.  had  a  large  influence  in  increasing  the  possible  train-load 
by  decreasing  tiie  train  resistance.  The  expenditure  of  money 
to  improve  track  will  give  a  road  a  large  advantage  over  a 
competing  road  with  a  poorer  track,  by  reducing  train  resist- 
a«ice,.and  thus  reducing  the  cost  of  handling  traffic. 

343,  Wheel   resistances,     (a)  Rolling  friction  of  the  wheels. 

To   determine   experimentally   the   rolling   friction   of   wheels, 

apart  from  all  journal  friction,  is  a  very  difficult  matter  and 

Jjaa  never  been  satisfactorily   accoiupUshcd.     Theory  as  well 

as  practice  shows  that  the  liighcr  and  \.\v^  m^t^  ^t\^\.  Wwa 
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elasticity  of  the  wheel  and  the  surfaee,  the  lees,  witt  be  the  cutt- 
ing friction.  Bnt  the  detemHnatkm.  if  made^  would  be  of 
theoretical  interest  onfy. 

The  combined  effect  of  PoUmg  friction  and  J€H»nal  frietftm 
is  determinable  with  comparative  ease.  Ttom  the  nat\n:e  ©{ 
the  case  no  great  reduction  of  the  rollmg  frietk)»  by  amy  ^vrce 
is  possibte.  It  is  only  a  very  insijgmficant  part  of  the  total 
train  resistance. 

(by  Journal  friction  of  the  (odea.  This  form  of  resistaJBce  has 
been  studied  quite  extensively  by  means  of  the-  mea6Ui«me»t 
of  the  force-  required  to-  turn  an'  axte  in'  its  beapings  undeF 
various  conditions  of  pressure,  speed,  extent  of  lubricatioii?, 
and  temperature.  The  following  Taws  have  been'  fairiy  welt 
established:  (I)  The  coefficient  of  fricticm^  increases  as  the  pees-' 
sure  diminishes;  (2)  it  is  higher  at  very  slow  speedb,  gradfualty 
diminishing  to  a  minimum*  at  a  speed*  corresponding  to  a  traii»^ 
velocity  of  about  10  miles  per  hour,  then  slowly  insoreasing 
with  the  speed;  it  is  very  dependent  on  the  perfection  ei  the 
hibrication,  it  being  reduced-  to-  one  sixth  or  one  tenth,  when  the 
axle  is  lubricated  by  a  bath  of  oil  rather  than  by  a^  mere  pa<$ 
or  wad  of  waste  on  one  side  of  the  journal;  (3)  it  is  much  lower 
at  higher  temperature,  and  vice  versa.  The  practical  effect  of 
these  laws  is  shown  by  the  observed  facts  that  (1)  loaded  cars 
have  a  less  resistance  per  ton  than  unloaded  cars,  the  figures 
being  (for  speeds  of  abouA  lO  to  20  miles  per  hour) : 

For  passenger-  and  Ibaded  freight-cars. . .     4  lbs.  per  ton 

* '    empty  freight-cars 6  * '     *  *     *  * 

''    street-cars 10  *'     ''     *' 

' '    freigjit-trucks  without  load 14  ' '     ''    '' 

(2)i  When  starting  at  traitt>  the  resistances  are  abouti  20  lbs* 
pet  tony  notwithstanding  the  fact  that  the  velocity  resistances 
are  practically  zero;  at  about  2  miles  per  hour  it  willl di?op- 1«^ 
10  lbs.  per  ton  and  above  10  miles  per  hour  it  may  drop  to 
4  lbs.  per  ton  if  the  cars  are  in  good  condition.  (3)  The  re- 
sostance  could  probably  be  materially  lowered  if  some  practicable 
form  of  journal-box  could  be  devised  which  would  give  a  more 
perfect  lubrication.  (4)  It  is  observed  that  freight-train  loads 
must  be  cut  down  in  winter  by  about  10  or  1-5%  of  tba  VcisvAa. 
that  the  same  engine  can  haul  over  tY\e  same  Ixa.^  vjv  ^>cccKccsfex . 
This  Is  due  partly  to  the  extra  roughness  auds  vasJiaa^^J^^^"^  oV"<iofe 
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track  in  winter,  and  partly  to  increased  radiation  from  the 
engine  wasting  some  energy,  but  this  will  not  account  for  all 
of  the  loss,  and  the  effect,  which  is  probably  due  largely  to  the 
lower  temperature  of  the  joiunal-boxes,  is  very  marked  and 
costly.  It  has  been  suggested  that  a  jacketing  of  the  journal- 
boxes,  which  would  prevent  rapid  radiation  of  heat  and  enable 
them  to  retain  some  of  the  heat  developed  by  friction,  would 
result  in  a  saving  amply  repaying  the  cost  of  the  device. 

Roller  journals  for  cars  have  been  frequently  suggested,  and 
experiments  have  been  made  with  them.  It  is  found  that  they 
are  very  effective  at  low  velocities,  greatly  reducing  the  start- 
ing resistance,  which  is  very  high  with  the  ordinary  forms  of 
journals.  But  the  advantages  disappear  as  the  velocity  in- 
creases. The  advantages  also  decrease  as  the  ]oad  is  increased, 
so  that  with  heavily  loaded  cars  the  gain  is  small.  The  excess 
of  cost  for  construction  and  maintenance  has  been  found  to  be 
more  than  the  gain  from  power  saved. 

344.  Grade  resistance.  The  amount  of  this  may  be  com- 
puted with  mathematical  exactness.  Assume  that  the  ball 
or  cylinder  (see  Fig.  206)  is  being  drawn  up  the  plane^    If  W 


y'     /  Fig.  206. 

is  the  weigH^J,  N  the  normal  pressure  against  the  rail,  and  G 

the  force  required  to  hold  it  or  to  draw  it  up  the  plane  with 

uniform  velocitj*^,  the  rolling  resistances  being  considered  zero 

or  considered  as  provided  for  by  other  forces,  then 

Wh 
G:W:h:d,    or    G  =  -^\ 

but  for  all  ordinary  railroad  grades,  g(=c  to  within  a  tenth  of 

Wh 
1%,  i.e.,  G  = =  TF  X  rate  of  grade.     In  order  that  the  student 

may  apprecmie  the  exact  amount  of  this  approximation  the  per- 
centage  of  slope  distance  to  its  homontaX  pToyi^\\o\\.  is  g^ven  jn 
tlie  following  tabular  form: 
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Grade  in  per  cent. 

1 

2 

3 

4 

5 

Slope  distoj, 

hor.  dist. 

100.005 

100.020 

100.045 

100.080 

100.125 

Grade  in  per  cent. 

6 

7 

8 

9 

10 

Slope  di8t.^,QQ 

hor.  dist. 

100.180 

100.245 

100.319 

100.404 

100.499 

This  shows  also  the  error  on  various  grades  of  measuring  with 
the  tape  on  the  ground  rather  than  held  horizontally.  Since 
almost  all  railroad  grades  are  less  than  2%  (where  the  error 
is  but  .02  of  1%),  and  anything  in  excess  of  4%  is  unheard 
of  for  normal  construction,  the  error  in  the  approximation 
is  generally  too  small  for  practical  consideration. 

If  the  rate  of  grade  is  1  :  100,  G=^W Xjij^,  i.e.,  (?=^lbs. 
per  ton ;  . ".  for  any  per  cent,  of  grade,  G  =  (20  X  per  cent,  of  grade) 
pounds  per  ton.  When  moving  up  a  grade  this  force  G  is  to 
be  overcome  in  addition  to  all  the  other  resistances.  When 
moving  down  a  grade,  the  force  G  assists  the  motion  and  may 
be  more  than  sufficient  to  move  the  train  at  its  highest  allow- 
able velocit}'.  The  force  required  to  move  a  train  on  a  level 
track  at  ordinary  freight-train  speeds  (say  20  miles  per  hour) 
is  about  7  lbs.  per  ton.  A  down  grade  of  /^  of  1%  will  fur- 
nish the  same  power;  therefore  on  a  down  grade  of  0.35%,  a 
freight-train  would  move  indefinitely  at  about  20  miles  per  hour. 
If  the  grade  were  higher  and  the  train  were  allowed  to  gain 
speed  freely,  the  speed  would  increase  until  the  resistance  at 
that  speed  would  equal  W  times  the  rate  of  grade,  when  the 
velocity  would  become  uniform  and  remain  so  as  long  as  the 
conditions  were  constant.  If  this  speed  was  higher  than  a 
safe  permissible  speed,  brakes  must  be  applied  and  power 
wasted.  The  fact  that  one  terminal  of  a  road  is  considerably 
higher  than  the  other  docs  not  necessarily  imply  that  the  extra 
power  needed  to  overcome  the  difference  of  elevation  is  a 
total  waste  of  energy,  especially  if  the  maxiravrov  ^%j^«Ka»  «xfc 
so  low  that  brakes  will  never  need  to  be  a^^Wfe^  \.<^  xe:^^is^«k  ^ 
dangerously  high  velocity,  for  aUhoug\x  luoi^  ^Ci\N^\  \tt>^\»  ^^ 
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used  in  ascending  the  grades,  there  is  a  coi:isiderable  saving  of 
power  in  descending  the  grades.  The  amount  of  this  saving 
will  be  discussed  more  fully  in  Chapter  XXIII. 

345.  Curve  resistance.  Some  of  the  principal  laws  will  be 
here  given  without  elaboration.  A  more  detailed  discussion 
will  be  given  in  Chapter  XXTI. 

(a)  While  the  total  curve  resistance  increases  as  the  degree 
of  curve  increases,  the  resistance  per  degree  of  curve  is  much 
greater  for  easy  curves  than  for  sharp  curves;  e.g.,  the  resist- 
ance on  the  excessively  sharp  curves  (radius  90  feet)  of  the 
elevated  roads  of  New  York  City  is  verj'  much  less  per  degree 
of  curve  than  that  on  curves  of  1°  to  5°.  (b)  Curve  resistance 
increases  vtith  the  velocity,  (c)  The  total  resistance  on  a 
curve  depends  on  the  central  angle  rather  than  on  the  radia*?; 
I.e.,  two  curves  of  tlie  same  central  angle  but  of  different  radius 
would  cause  about  the  same  total  curve  resistance.  This  is 
partly  explained  by  the  fact  that  the  longitudinal  slipping  will 
be  the  same  in  each  case.  (See  §  311,  Chapter  XV.)  In  each 
case  also  the  trucks  must  be  twisted  around  and  the  wheels 
slipped  laterally  on  the  rails  by  the  same  amount  J**.  (See 
§  312,  Chapter  XV.) 

346.  Brake  resistances.  If  a  down  grade  is  excessively  steep 
so  that  brakes  nmst  be  applied  to  prevent  the  train  acquiring 
a  dangerous  velocity,  the  energy  consumed  is  hopelessly  lost 
without  any  compensation.  When  trains  are  required  to  make 
frequent  stops  and  yet  maintain  a  high  average  speed,  consid- 
erable pow(^r  is  consumed  by  the  application  of  brakes  in  stop- 
ping. All  the  energy  which  is  thus  turned  into  heat  is  hope- 
lessly lost,  and  in  addition  a  very  considerable  amount  of  steam 
IS  drawn  from  the  boiler  to  operate  the  air-brakes,  which  con- 
sume the  power  already  developed.  It  can  be  easily  demonstrated 
that  engines  drawing  trains  in  suburban  service,  making  fre- 
quent stops,  and  yet  developing  high  speed  between  stops,  will 
consume  a  very  large  proportion  of  the  total  power  developed 
by  the  use  of  brakes.  Note  the  double  loss.  The  brakes  con- 
sume power  already  developed  and  stored  in  the  train  as  kinetic 
or  potential  energy,  while  the  operation  of  the  brakes  requires 
additional  steam  power  from  the  engine. 

J4^,  Inertia  resistance.     The  two  forms  of  train  resistance 
ffrbjoh  under  some  circumstancea  ate  Wi^  ^^^\i^^\.  x^^wioea 
to  be  overcome  by  the  engine  are  t\ve  ^bA^  axi^VoweCvaiiw^ifiW' 
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ances,  and  fortunately  both  of  these  resistances  may  be  ccmi- 
puted  with  mathematical  precision.  The  problem  may  be 
stated  as  follows:  What  consta^it  force  P  (in  addition  to  the 
forces  required  to  overcome  the  various  frictional  resistances, 
etc.)  will  be  required  to  impart  to  a  body  a  velocity  of jt;_feet. 
per  second  in  a  distance  <rf_s_feett>  The  required  number  of 
fooT^pounds  of  energy  is  evidently  Ps^    But  this  work  imparts 

a  kinetic  energy  which  may  be  expressed  by  (-9— •    Equating 

Wv* 
these  values,  we  have  Ps=-s— »  or 

P-^....-.    ...038, 

The  force  required  to  increase  the  velocity  from  v,  to  Vj  may 

W 
likewise   be   stated   as  P=^—W—v^^.    Substituting  in   the 

formula  the  values  W=2000  lbs.  (one  ton),  y  =32.16,  and  ««= 
5280  feet  (one  mile),  we  have 

P  =  .00588(V-Vi^. 
Multiplying  by  (5280-^-3600)'  to  change  the  unit  of  velocity 
to  miles  per  hour,  we  have 

P=:.01267(y2'-F,»). 

But  this  formula  must  be  modified  on  account  of  the  rotative 
kinetic  energy  which  must  be  Imparted  to  the  wheels  of  the  cars. 
The  precise  additional  percentage  depends  on  the  particular 
design  of  the  cars  and  their  loading  and  also  on  the  design  of 
the  locomotive.  Consider  as  an  example  a  box-car,  60000  lbs. 
capacity,  weighing  33000  lbs.  The  wheels  have  a  diameter 
of  36"  and  their  radius  of  gyration  is  about  13".  Each  wheel 
weighs  700  lbs.  The  rotative  kinetic  energy  of  each  wheel  is 
4877  ft.-lbs.  when  the  velocity  is  20  miles  per  hour,  and  for 
the  eight  wheels  it  is  39016  ft.-lbs.  For  greater  precision 
(really  needless)  we  may  add  192  ft.-lbs.  as  the  rotative  kinetic 
energy  of  the  axles.  When  the  car  is  fully  loaded  (weight 
03000  lbs.)  the  kinetic  energy  of  translation  is  1,244,340 ft.-lbs.; 
when  empty  (weight  33000  lbs.)  the  energy  is  441540  ft.-lba 
The  rotative  kinetic  energy  thus  adds  (^Iot  ^L)tC\^  ^%x^^RNJsKx 
cat)  3,15%  (when  the  car  is  loaded)  aivd  %.^%  (c«\^fcxt  KJcss^  ^^Jt 
if  empty)  to  the  kinetic  energy  oi  txanftVa^Xoxi-   Tt^^  ^kss^rN^s 
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energy  which  is  similarly  added,  owing  to  the  rotation  of  the 
v/heels  and  axles  of  the  locomotive,  might  be  similarly  com- 
puted. For  one  type  of  locomotive  it  has  been  figured  at  about 
8%.  The  variations  in  design,  and  particularly  the  fluctua- 
tions of  loading,  render  useless  any  great  precision  in  these 
computations.  For  a  train  of  "empties"  the  figure  would  be 
high,  probably  8  to  9%;  for  a  fully  loaded  train  it  will  not 
much  exceed  3%.  Wellington  considered  that  6%  is  a  good 
average  value  to  use  (actually  used  6.1-1%  for  "ease  of  compu- 
tation"), but  considering  (a)  the  increasing  proportion  of  live 
load  to  dead  load  in  modern  car  design,  (h)  the  greater  care 
now  used  to  make  up  full  train-loads,  and  (c)  the  fact  that 
full  train-loads  ar^  the  critical  loads,  it  would  appear  that  5% 
is  a  better  average  for  the  conditions  of  modem  practice.  Even 
this  figure  allows  something  for  the  higher  percentage  for  the 
locomotive  and  something  for  a  few  empties  in  the  train.  There- 
fore, adding  5%  to  the  coefficient  in  the  above  equation,  we 
have  the  true  equation 

P  =  .0133(PV-Fi2), (139) 

in  which  Vj  ^i^d  ^i  ^^e  the  higher  and  lower  velocities  respec- 
tively in  miles  per  hour^  and  P  is  the  force  required  per  ton  to 
impart  that  difference  of  velocity  in  a  distance  of  one  mile 
If  more  convenient,  the  formula  may  be  used  thus: 

Pi=^^(TV-F»2),      ....     (140) 

in  which  «  is  the  distance  in  feet  and  P,  is  the  corresponding 
force. 

As  a  numerical  illustration,  the  force  required  per  ton  to 
impart  a  kinetic  energy  due  to  a  velocity  of  20  miles  per  hour 
in  a  distance  of  1000  feet  will  equal 

which  is  the  equivalent  (see  §  344)  of  a  1.4%  grade.  Since  the 
velocity  enters  the  formula  as  T'^,  while  the  distance  enters  only 
in  the  first  power,  it.  follows  that  it  will  require  four  times  the 
force  to  produce  twice  the  velocity  in  the  same  distance,  or 
that  with  the  same  force  it  will  reqmx^  \owt  WxftSi^  X\va  ^\«3xcq 
to  Attain  twice  the  velocity. 
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As  another  numerical  illustration,  if  a  train  is  to  increase  its 
speed  from  15  miles  per  hour  to  60  miles  per  hour  in  a  distance 
of  2000  feet,  the  force  required  (in  addition  to  all  the  other 
resistances)  will  be 

o      70.224(3600-225)      ..ocaiu 

Pi= ^^^ ^-=118.50  lbs.  per  ton. 

This  is  equivalent  to  a  5.9%  grade  and  shows  at  once  that  it 
would  be  impossible  unless  there  were  a  very  heavy  down 
grade,  or  that  the  train  was  very  light  and  the  engine  very 
powerful. 

348.  FormulaB  for  train  resistance.  These  are  generally  given 
in  one  of  the  forms 

R-fV+c (a)  I 

R=fv^+c (h)  r ^^*^' 

in  which  R  is  the  resistance  per  ton,  /  is  a  coefficient  to  be  deter- 
mined, V  is  the  velocity  in  miJes  per  hour,  and  c  is  a  constant, 
also  to  be  determined.  These  formulaj  disregard  grade  and 
curve  resistances,  inertia  resistance,  and  the  active  resistance 
(or  assistance)  of  windf  as  distinct  from  mere  atmospheric 
resistance.  In  short-,  they  are  supposed  to  give  the  resistance 
of  a  train  moving  at  a  uniform  velocity  over  a  straight  and 
level  track,  there  being  no  appreciable  wind.  Both  formuke 
are  empirical,  since  the  resistances  do  not  vary  either  directly 
or  as  the  square  of  the  velocity.  Some  resistances  vary  nearly 
as  the  square  and  some  nearly  as  the  first  power. 

The  quantity  c  represents  the  journal  friction  and  rolling 
friction,  and  these  are  assumed  to  be  constant,  although  care- 
ful tests  of  journal  friction  show  that  its  variation  with  velocity 
is  irregular  (see  §  343).  This  shows  that  such  simple  formulae 
must  always  be  inaccurate,  but  some  formulae  have  been  sug- 
gested, having  either  of  these  general  forms,  which  agree  veiy 
closely  with  the  results  of  actual  tests. 

(a)  Searles^s  formula^ 

fl^4.82+.00536F'+  ■'^^^'  ^^-  "f  engand  tender)' 

gross  weight  of  tram 

in  which  12= total  resistance  in  pounds  per  ton  axvd  V  v^  "Oofc 
velocity  in  miles  per  hour.     This  f onu\iVa  doea  xvoV  \«>BLft.  wi.^wKoJv* 
of  any  difference  in  the  form  of  the  Iram  (:v\i'e!OaR?t  \icrK.-caw»  ^^ 


RAILBOAB  COamrBUCSION. 


i9» 


datts\  which  would  horv^e  a  grea4*  infimence  OBr  the  aAliMdpheJic 
resrstiance;  neither  does  it  take  int©^  aeeomi!!  thft  relatfoft  of 
leiagth  to  weight,,  or  whether  the  cars  are  loatded  of  empty.  Nevef^ 
thcless  the  results  agree  very  closely  with  tlie  dk^nHd]iatLe>fi» 
of  actual  train  tests.  If  the  resistance  is  computed  according 
to  this  formula  for  a  given  class  of  engine  (e.^.,  a  heathy  consoli- 
dation), and  for  various  lengths  of  train,  it  is  found  that  the 
resistance  per  fbn  of  the  gvoss  wmgfiS  of  the  tfaan  is  mtidi  ks^ 
when  the  train  is  long,  and  for  a  tt^m  of  e^dmarf  lei^&r  tb« 
resistance  hardly  merease^  as  fa»%  as'  the  veloevly  untile  tte 
velocity  is  great. 

According  to  thie  foym«ila,  a-  heftvy  6oi»9o£cMidn  efigine  dkttw- 
ing  forty  loaded  freight-cars  would  have  to  o^rconnte  a  nSBiBt-' 
ance  of  about  8.2  lbs.  per  ton  ot  the  gross  weight  of  the  train 
at  a  velocity  of  20  miles  per  hour.  At  a  velocity  of  10  miles 
per  hour  this  resistance  drops  to  about  5.7  lbs.  per  ton.  And 
so*  the  value  of  8  lbs  per  ton,  used  by  Wetiington  iw  hA»  e^tsh 
putations  of  the  total  power  of  kM*on*otive»  on  girades,  may  be 
con^dered  a  safe  figure,  especially  as  the  velocity  a4  critical 
plia'ces  may  be  asssunied  to  be  reduced  as  muck  ai»  i 

(6)  Wellington^ s  formulw^ 


3.9  +  .0065F2  +  - '  - ....  for  loaded  flat-cars 
w 

64F' 
3.9  +  .007572  4-  '^*    ....  for  loaded  box-cars 


R  = 


6.0  +  .00837*+  — f- for  empty  ffat-ca^S' 

6.0  +  .0106FH— ^ for  empty  box-cars 


r.     (I4a> 


Notice  in  these  formulae  the  additional*  journal  resistance  (indi- 
cated by  the  constant  term)  for  unloaded  cai-S;  The  last  term 
evidently  indicates  the  atmospheric  resistance.  The  middle 
term  allows  for  the  oscillatory  resistances.  Assuming  the 
constant  term  and  the  coefficients  to  have  been-  correctly  de- 
termined, these  formulae  should  be  better  than  Searles's,  since 
a  choice  of  formula;  can  be  made  depending  on  the  conditions. 
A  train  consisting  partly  o{  box-caxa  atvd  ^^x%  of  flalucaFs 
willh&ve  a  higher  resi&tance  than  W  s\io\\TL\y^  aso^  oJt  \>aft  ^^n^ 
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iftnaviSim  (and  nst  a.  mtsia  value),  on  ;aoeouBt  ^  the  iiKsreased 
fttmoaplMiiie  iiesistsafice  acting  on  ibe  irregular  form  of  the  train. 
(<r)  Engineermg  Netm  formulaj 

iR«^+2 ,     .     .     (144) 

This  formula  belongs  to  class  (a),  Eq.  141.  Its  veiy  simplicity 
makes  it  valuable  for  general  use,  but  like  the  succeeding 
formula,  it  (Joes  pot  take  account  of  variations  in  the  form 
of  the  train,  which  have  a  very  material  influence  on  the  train 
resistance. 

{4)  D,  K.  Clark's  formula, 

ft-^-f8 (for  tons  of  2240  lbs.)  )         ,,  _, 

171  J-  .     (145) 

R  =  .00522^2  -f  7.14 ... .  (for  tons  of  2000  lbs.)  ) 

This  5s  a  very  old  formula,  and  is  mentioned  because  all  of 
Clark's  formidae  carry  much  weight.  But  in  this  case  the 
foi-mula  is  quite  defective.  The  constant  term  (7.14)  repre- 
senting the  journal  and  rolling  friction  is  too  large  and  thus 
the  formula  gives  too  large  a  resistance  at  low  velocities;  the 
coefficient  of  y^(  .00522)  is  less  than  in  the  other  formula*,  and 
so  at  very  high  velocities  the  figures  would  be  less  than  those 
given  by  Searies's  or  Wellington's  formulae,  and  less  than  the 
results  of  actual  tests.  For  mean  velocities  the  figures  accord 
fairly  well  with  those  given  by  the  other  formula!  and  by  actual 
tests. 

(e)  Baldwin  Loeomothe  Works  formula.  The  Baldwin  Tx>co- 
motive  Works  have  adopted  a  formula  of  their  own  as  the  result 
of  the  experience  they  have  been  able  to  accumulate.  It  is 
stated 

R^~+3 (146) 

It  is  claimed  that  this. formula  agrees  well  with  actual  tests, 
and  in  fact  is  based  on  the  results  of  tests,  but  it  evidently 
cannot  allow  for  known  variations  in  the  length  or  character 
of  the  train,  As  a  general  formula  for  locomotives  which  are 
to  pull  any  kind  of  a  load,  the  formula  is  of  reverts  n>25^^  Vst 
practical  use  than  Searles'p  or  WeWiiifttoiv'ft. 
/j3  rj»ti0  IX  ia  shown  graphically  lYve  Tevswalaxie^  V^^  ^^"^  "^"^ 
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four  trains  according  to  these  five  formulae.  For  purposes 
of  comparison  of  the  formulae,  the  weight  of  engine  and  total 
weight  of  cars  is  made  the  same  for  the  four  trains.  The  resist- 
ance would  therefore  be  the  same  by  formulae  (a),  (c),  (rf), 
and  (e).  The  differences  would  only  appear  when  applying 
Wellington's  formula.     Assume  the  following  as  train-loads: 

(a)  Engine,  64  tons ;  loaded  flat-cars,  648  tons 

(b)  '*        64    ''  "     box-  *'      648    '' 

(c)  ''        64    '^      empty  flat-*'       648    '' 

(d)  "        64    ''  ''       box-  "       648    '' 

When  applying  any  of  these  fornmlfe,  due  allowance  must  be 
made  for  grade  and  curve  resistances,  inertia  resistances,  and 
the  possible  retarding  influence  of  a  high  wind  must  be  con- 
sidered if  it  is  a  question  of  the  power  of  a  locomotive  of  given 
type  to  draw  a  given  load  up  a  given  grade. 

349.  Dynamometer  tests.  Those  are  made  by  putting  a 
"dynamometer-car"  between  the  engine  and  the  cars  to  be 
tested.  Suitable  mechanism  makes  an  automatic  record  of 
the  force  which  is  transmitted  through  the  dynamometer  at 
any  instant,  and  also  a  record  of  the  velocity  at  any  instant. 
One  of  the  practical  difficulties  is  the  accurate  determination 
of  the  velocity  at  any  instant  when  the  velocity  is  fluctuating. 
When  the  velocity  is  decreasing,  the  kinetic  energy  of  the  train 
is  being  turned  into  work  and  the  force  transmitted  through  the 
dynamometer  is  less  than  the  amount  of  the  resistance  which 
is  actually  being  overcome.  On  the  other  hand,  when  the 
velocity  is  increasing,  the  dynamometer  indicates  a  larger 
force  than  that  required  to  overcome  the  resistances,  but  the 
excess  force  is  being  stored  up  in  the  train  as  kinetic  energy. 
Grade  has  a  similar  effect,  and  the  force  indicated  by  the  dy- 
namometer may  be  greater  or  less  than  that  required  at  the 
given  velocity  on  a  level  by  the  force  which  is  derived  from, 
or  is  turned  into,  potential  energy.  Therefore  the  resistance 
indicated  by  the  dynamometer  of  a  train  will  not  be  that  on  a 
level  track  at  uniform  velocity,  unless  the  track  is  actually 
level  and  the  velocity  really  uniform. 

Dynamometer   tests    under   other   circumstances   are   there- 
/ore  of  no  value  unless  it  is  possible  to  determine  the  true 
velocity  at  any  instant  and  Us  rate  oi  c\\viTi^^,  ^tv^  «i«(0  to  de- 
termine  the  grade.     Of  course,  tYie  ^xa^^  *\^  ^^^\N:^  lw«A,    K^i 
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four  trains  according  to  these  five  formulje.  For  purposes 
of  comparison  of  the  formulae,  the  weight  of  engine  and  total 
weight  of  cars  is  made  the  same  for  the  four  trains.  The  resist- 
ance would  therefore  be  the  same  by  formulae  (a),  (c),  (d), 
and  (e).  The  differences  would  only  appear  when  applying 
AVellington's  formida.     Assume  the  following  as  train-loads: 

(a)  Engine,  64  tons ;  loaded  flat-cars,  648  tons 
(h)  '*        64    *'  *'     box-  *'      648    *' 

(c)  ''        64    *'      empty  flat-  "       648    '' 

(d)  ''        64    ''  ''      box-  ''      648    '* 

When  applying  any  of  these  formulae,  due  allowance  must  be 
made  for  grade  and  curve  resistances,  inertia  resistances,  and 
the  possible  retarding  influence  of  a  high  wind  must  be  con- 
sidered if  it  is  a  question  of  the  power  of  a  locomotive  of  given 
type  to  draw  a  given  load  up  a  given  grade. 

349.  Dynamometer  tests.  These  are  made  by  putting  a 
"dynamometer-car"  between  the  engine  and  the  cars  to  be 
tested.  Suitable  mechanism  makes  an  automatic  record  of 
the  force  which  is  transmitted  through  the  dynamometer  at 
any  instant,  and  also  a  record  of  the  velocity  at  any  instant. 
One  of  the  practical  difficulties  is  the  accurate  determination 
of  the  velocity  at  any  instant  when  the  velocity  is  fluctuating. 
AVhen  the  velocity  is  decreasing,  the  kinetic  energy  of  the  train 
is  being  turned  into  work  and  the  force  transmitted  through  the 
dynamometer  is  less  than  the  amount  of  the  resistance  which 
is  actually  being  overcome.  On  the  other  hand,  when  the 
velocity  is  increasing,  the  dynamometer  indicates  a  larger 
force  than  that  required  to  overcome  the  resistances,  but  the 
excess  force  is  being  stored  up  in  the  train  as  kinetic  energy. 
Grade  has  a  similar  effect,  and  the  force  indicated  by  the  dy» 

*  namometer  may  be  greater  or  loss  than  that  required  at  the 
given  velocity  on  a  level  by  the  force  which  is  derived  from, 
or  is  turned  into,  potential  energy.  Therefore  the  resistance 
indicated  by  the  dynamometer  of  a  train  will  not  be  that  on  a 
level  track  at  uniform  velocity,  unless  the  track  is  actually 
level  and  the  velocity  really  uniform. 

Dynamometer  tests  under  other  circumstances  are  there- 
/ore  of  no  value  unless  it  is  possible  to  determine  the  true 
velocity  at  any  instant  and  its  rate  oi  cWxv^^,  »xv^  «\9»  to  de- 

(ermwe  the  grade.     Of  course,  tVve  ^xa-Oce  *\a  ^\xsnV>j  l^\ni^^    K^ 
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allowance  for  an  increase  or  decrease  of  kinetic  or  potential 
energy  must  therefore  be  made  before  it  is  possible  to  know 
how  much  force  is  being  spent  on  the  ordinary  resistances. 

350.  Gravity  or  "  drop "  tests.  Dynamometer  tests  require 
the  use  of  a  dynamometer  which  is  capable  of  measuring  a 
force  of  several  thousands  of  pounds,  and  which  therefore 
cannot  determine  such  values  with  a  close  percentage  of  accu- 
racy, especially  if  the  force  is  small.  A  drop  test  utih'zes  the 
force  of  gravity  which  may  be  measured  with  mathematical 
accuracy.  The  general  method  is  to  select  a  stretch  of  track 
which  has  a  imiform  grade  of  about  0.7%  and  which  is  prefer- 
ably straight  for  two  or  three  miles.  On  such  a  grade  cars 
with  running  gear  in  good  condition  may  be  started  by  a  push. 
The  velocity  will  gradually  increase  until  at  some  velocity, 
depending  on  the  resistances  encountered,  the  cars  will  move 
uniformly.  The  only  work  requiring  extreme  care  with  this 
method  is  the  determination  of  the  velocity.  If  the  velocity 
is  fluctuating,  as  it  is  during  the  time  when  it  is  of  the  greatest 
importance  to  know  the  velocity,  it  is  not  sufficient  to  deter- 
mine the  time  rquired  to  run  some  long  measured  distance, 
for  the  average  velocity  thus  obtained  would  probably  differ 
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Fig.  207. — Loss  in  Velocity-hbad. 


considerably  from  the  velocity  at  the  beginning  and  end  of  that 
space.     If  the  train  consists  of  five  cars  or  more,  the  velocity 
may  be  determined  electrically   (as  described  by  Wellington 
in  his  "Economic  Location,"  etc.,  p.  79S  et  seq>i  Vccpk^   Vkjfc 
automatic  record  made  on  a  chronograph  oi  Wve  ^ekssai^^^  ^^  ^"^^«^ 
Gjvt  wheel  and  the  last,  the  chronograpYi  aXao  T^eoT^\sx%  wiJ^*^ 
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matically  the  ticks  of  a  clock  beating  seconds.  From  this  the 
exact  time  of  the  passage  of  the  first  and  last  wheels  <tf  the 
train  of  cars  may  be  determined  to  the  tenth  or  twentieth  of  a 
second. 

Velocity-head,  From  theoretical  mechanics  we  know  that 
if  a  body  descends  through  any  path  by  the  action  of  gravity, 
and  is  unaffected  by  friction,  its  velocity  jfcLany  point  in  the 
direction  of  the  path  of  motion  iai(y '^\/2gh,  /  If  the  body  is 
retarded  by  resistances,  its  velocity  Tat-ftffy  point  will  be  leai 
than  this.  If  AM,  Fig.  207,  represents  any  grade  (exaggerated 
of  course),  then  BJ,  CK,  etc.,  represent  the  actual  fall  at  any 

point.    Let  BF  represent  the  fall  h^  determined  from  ^i™^> 

in  which  v^  is  the  actual  observed  velocity  at  /.  Then  J'JR'^the 
velocity-head  consumed  by  the  resistances  between  A  and  /. 
If  the  train  continues  to  K,  the  corresponding  h^  is  CG;  the 
remaining  fall  GK  consists  of  GN  ('^JF,  which  is  the  velocity- 
head  lost  back  of  J)  and  NK,  the  velocity-head  lost  between  J 
and  K,  At  some  velocity  (Fn)  on  any  grade,  the  velocity 
will  not  further  increase  and  the  line  AFGHI  will  then  he  hori- 
zontal and  at  a  distance  (hn)  =  EI  below  A  . .  ,E.  The  grade 
AM  is  the  "grade  of  repose"  for  that  velocity  (Vn);  i.e.,  it  is 
the  grade  that  would  just  permit  the  train  to  move  indefinitely 
at  th^  velocity  Vn.  The  broken  line  AFGHI  should  really  be 
a  curV:e,  and  the  grade  of  repose  at  any  joint  is  the  angle  between 
AM  and  the  tangent  to  that  curve  at  the  given  point.  The 
"gradle  of  repose"  by  its  definition  gives  the  total  resistance 
of  thej  train  at  tlie  particular  velocity,  or  multiplying  the  grade 
of  repose  in  per  cent,  by  20  gives  the  pounds  per  ton  of  resist- 
ance. Thus  being  able  to  determine  the  total  resistance  in 
pounds  per  ton  at  any  velocity,  the  variation  of  total  resistance 
with  velocity  may  be  determined,  and  then  by  varying  the 
resistances,  using  different  kinds  of  cars,  empty  and  loaded, 
box-cars  and  flats,  the  resistances  of  the  different  kinds  at 
various  velocities  may  be  determined. 


CHAPTER  XVII 

COST  OF  RAILROADS. 

351.  General  considerations.  Although  there  are  many  ele- 
ments in  the  cost  of  railroads  which  are  roughly  constant  per 
mile  of  road,  yet  the  published  reports  of  the  cost  of  railroads 
diffiT  very  widely.  The  variation  in  the  figures  is  due  to  several 
causes,  (a)  Economy  requires  that  a  road  shall  be  operated 
and  placed  on  an  earning  basis  as  soon  as  possible.  Therefore 
the  reported  cost  of  a  road  during  the  first  few  years  of  its 
existence  is  somewhat  less  than  that  reported  later.  This  is 
well  illustrated  when  a  long  series  of  consecutive  reports  from 
an  old-established  road  is  available;  nearly  every  year  there 
will  be  shown  an  addition  to  the  previous  figures.  And  this 
is  as  it  should  be.  The  magnificent  road-beds  of  some  old 
roads  cannot  be  the  creation  of  a  single  season.  It  takes  many 
years  to  produce  such  settled  perfect  structiu'es.  (b)  A  large 
part  of  the  variation  is  due  to  a  neglect  to  charge  up  "  permanent 
improvements"  as  additions  to  the  cost  of  the  road.  For  the 
first  few  years  of  the  life  of  a  road  a  great  deal  of  work  is  done 
which  is  in  reality  a  completion  of  the  work  of  construction, 
and  yet  the  cost  of  it  is  buried  under  the  Hem  "maintenance 
of  way."  For  example,  a  long  wooden  trestle  is  replaced  by 
an  earth  embankment  and  a  culvert.  Since  the  original  trestle 
is  to  be  considered  a  temporary  structure,  the  excess  of  the 
cost,  of  the  permanent  structure  over  that  of  the  temporary 
structure  should  evidently  be  considered  as  an  addition  to  the 
cost  of  the  road.  But  if  the  fiUing-in  was  done  slowly,  a  few 
train-loads  at  a  time,  and  the  work  scattered  over  many  years, 
the  cost  of  operating  the  "mud-train"  has  perhaps  been  buried 
under  "maintenance"  charges,  (c)  The  reports  from  which 
many  of  the  following  figures  were  taken  have  not  always 
analyzed  tl\e  items  of  cost  with  the  same  detail  as  has  been 
here  attempted,  and  to  that  is  probably  d\i<i  iwwwr  Q.\>Ooft. x^tv^iv*- 
tionif  and  apparent  d/sorepaucies. 
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The  various  items  of  cost  will  be  classified  as  follows: 

1.  Preliminary  financiering. 

2.  Surveys  and  engineering  expenses. 

3.  Land  and  land  damages. 

4.  Clearing  and  grubbing. 

5.  Earthwork. 

6.  Bridges,  trestles,  and  culverts 

7.  Trackwork. 

8.  Buildings  and  miscellaneous  structures. 

9.  Interest  on  construction. 
10.  Telegraph  line. 

352.  Item  i.  PRELUOOTARY  FiNANClERmG.  The  cost  of  this 
preliminary  work  is  exceedingly  variable.  The  work  includes 
the  clerical  and  legal  work  of  organization,  printing,  engraving 
of  stocks  and  bonds,  and  (sometimes  the  most  expensive  of  all) 
the  securing  of  a  charter.  This  sometimes  requires  special 
legislative  enactments,  or  may  sometimes  be  secured  from  a 
State  railroad  commission.  It  has  been  estimated  that  about 
2%  of  the  railway  capital  of  Great  Britain  has  been  spent  in 
Parliamentary  expenses  over  the  charters.  These  expenses 
are  usually  but  a  small  percentage  of  the  total  cost  of  the  enter- 
prise, but  for  important  lines  the  gross  cost  is  large,  while  the 
amount  of  money  thus  spent  by  organizations  which  have 
never  succeeded  in  constructing  their  roads  is  sometimes  enor- 
mous. 

353.  Item  2.  SURVEYS  AND  ENGINEERING  EXPENSES.  The 
comparison  of  a  large  number  of  itemized  reports  on  the  cost 
of  construction  shows  that  the  cost  of  the  "engineering*'  will 
average  about  2%  of  the  total  cost  of  construction.  This  in- 
cludes the  cost  of  surveys  and  the  cost  of  laying  out  and  super- 
intending the  constructive  work.  The  cost  of  mere  surveying 
up  to  the  time  when  construction  actually  commences  has 
been  variously  quoted  at  $G(),  $75,  and  even  $150  per  mile. 
In  exceptional  cases  the  surveying  for  a  few  miles  through  some 
gorge  might  cost  many  times  this  amount,  but  $150  per  mile 
may  be  considered  an  ordinary  maximum  for  difficult  country. 
On  the  other  hand,  nmch  construction  has  l)oeu  done  over  the 
western    prairies   after  hasty    surveys  costing  not  much  over 

$10  per  mile. 
3S4»  Item  3.      LAND  AND  LAND  "DAMlkGE^.     'Y\«i  ^o&X.  ^^  this 
it^m  varies  from  the  extreme,  iu  \\Vi\e\i  ivo\.  ow\^'  ^^  ^»5A  ^ft\ 
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right-of-way  but  also  grants  of  public  land  adjoining  the  road 
are  given  to  the  corporation  as  a  subsidy,  to  the  other  extreme, 
where  the  right-of-way  can  only  be  obtained  at  exorbitant 
prices.  The  width  required  is  variable,  depending  on  the 
width  that  may  be  needed  for  deep  cuts  or  high  fills,  or  the 
extra  land  required  for  yards,  stations,  etc.  A  strip  of  land 
1  mile  long  and  8.25  feet  wide  contains  precisely  1  acre.  An 
average  width  of  4  rods  (66  feet),  therefore,  requires  8  acres  per 
mile.  On  the  Boston  &  Albany  Railroad  the  expenditure 
assigned  to  "land  and  land  damages"  averages  over  $25000 
per  mile.  Of  course  this  includes  some  especially  expensive 
land  for  terminals  and  stations  in  large  cities.  Less  than  $300 
per  mile  was  assigned  to  this  item  by  an  unimportant  18-mile 
road. 

355.  Item  4.  CLEARING  AND  GRUBBING.  The  cost  of  this 
may  vary  from  zero  to  100%  for  miles  at  a  time,  but  as  an 
average  figure  it  may  be  taken  as  about  3  acres  per  mile  at  a 
cost  of  say  $50  per  acre.  The  possibility  of  obtaining  valuable 
timber,  which  may  be  utilized  for  trestles,  ties,  or  other^'ise, 
and  the  value  of  which  mav  not  only  repay  the  cost  of  clearing 
and  grubbing,  but  also  some  of  the  cost  of  the  land,  should  not 
be  forgotten. 

356.  Item  5.  EARTHWORK.  This  item  also  includes  rock- 
work.  The  methods  of  estimating  the  cost  of  earthwork  and 
rockwork  have  been  discussed  in  Chapter  III.  The  percentage 
of  this  item  to  the  total  cost  is  very  variable.  On  a  western 
prairie  it  might  not  be  more  than  5  to  10%.  On  a  road  through 
the  mountains  it  will  run  up  to  20  or  25%,,  and  even  more. 
The  item  also  includes  tunnehng,  which  on  some  roads  is  a 
heavy  item. 

357.  Item  6.  BRIDGES,  TRESTLES,  AND  CULVERTS.  This  item 
will  usually  amount  to  5  or  6%  of  the  total  cost  of  the  road. 
In  special  cases,  where  extensive  trestling  is  necessary,  or 
several  large  bridges  are  required,  the  percentage  will  be  much 
higher.  On  the  other  hand,  a  road  whose  route  avoids  the 
watercourses  may  have  very  little  except  minor  culverts.  On 
the  Boston  &  Albany  the  cost  is  given  as  $5860  per  mile;  on 
the  Adirondack  Railroad,  $2845  per  mile.  Considering  their 
relative  character  (double  and  single  track"),  iVv^^fc  ^^gox^a*  «:^ 
relatively  what  we  might  expect, 
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358.  Item  7.  TraCKWORK.  This  item  T/ill  be  considered  as 
including  everything  above  subgrade,  except  as  otfaerwise 
itemized. 

(a)  Ballast.  With  an  average  width,  for  single  track,  of 
10  feet  and  an  average  of  15  inches,  2444  cubic  yards  of  balliust 
will  be  required.  The  Pennsylvania  Kailroad  estimate  k 
2500  yards  of  gravel  per  mile  of  single  track.  At  an  estimate 
of  60  c.  per  yard,  this  costs  $1500  per  mile,  Broken^fitone 
Ijallast  must  be  filled  out  over  the  ends  of  the  ties  and  there- 
fore  more  is  required;  2800  cubic  yards  of  broken  stone  at 
$1.25  per  yard  in  place  will  cost  $3500  per  mile. 

(b)  Ties.  Ties  cost  anywhere  from  80  c.  down  to  36  c.  and 
even  25  c.  At  an  average  figure  of  50  c,  2640  ties  per  mile 
will  cost  $1320  per  mile  of  single  track.  The  cheaper  ties  are 
usually  smaller  and  more  must  be  used  per  mile,  and  this  tends 
to  compensate  the  difference  in  cost. 

The  following  tabular  form  is  convenient  for  reference: 


TABLE   XV. — ^NUMBER    OP    CROSS   TIES   PER   MIMC. 


Spacing 
center  to 
center. 

Number  per 
30'  rail. 

Number  per 
mile. 

18  inches 

20  " 

21  " 
22.5  " 
24       •• 
25.71" 
27       " 
30       •• 

20 
18 

m 

16 

15 

14 

13i 

12 

3520 
3168 
3017 
2816 
2640 
2464 
2347 
2112 

(c)  Rails.  The  total  weight  of  the  rails  used  per  mile  may 
best  be  seen  by  the  tabular  form. 

A  convenient  and  useful  rule  to  remember  is  that  the  number 
of  long  tons  (2240  lbs.)  per  mile  of  single  track  equals  the  weight 
of  the  rail  per  yard  times  V-.  The  rule  is  exact.  For  example, 
there  are  3520  yards  of  rail  in  a  mile  of  single  track;  at  70  lbs. 
per  yard  this  equals  246400   lbs.,  or  110  long   tons  (exactly); 

but  70X  V-  =  110- 

Any  calculation  of  the  required  weight  of  rail  for  a  given 
weight  of  roUing-stoi'k  necessarily  depends  on  the  assumptions 
which  are  made  regarding  the  support;  \v\\\q\v  Wvc  t^^^ir  teceive 
from  the  tics.     This  depends  not  OT\\y  oiv  \.\v<i  V\dV\i  wA  «^\is% 
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TABLE   XVI. — TONS   PER   MILE    (wiTH   COBT)    OF   RAILS   OP 
VARIOTTS   WEIOHTS. 


Tons 

Tons 

Weight 

(22401b.) 

Cost  at 

Cost  at 

Weight 
in  lbs. 

(22401b.) 

Cost  at 

Cost  at 

in  lbs. 

per  mile 

$26  per 

$30  per 

per  mile 

$26  per 

$30  per 

per  yd. 

of  single 
traek. 

ton. 

ton. 

per  yd. 

of  single 
track. 

ton. 

ton. 

8 

12.571 

$326.86 

$377.14 

65 

102.143 

$2665.71 

$3064.29 

10 

15.714 

408.57 

471.43 

66 

103.714 

2696.57 

3111.43 

12 

18.867 

490.29 

666.71 

67 

106.286 

2737.43 

3168.69 

14 

22.000 

572.00 

660.00 

68 

106.857 

2778.29 

3206.79 

16 

25.143 

653.71 

764.20 

70 

110.000 

2860.00 

3300.00 

20 

31.429 

817.14 

942.86 

71 

111.671 

2900.86 

3347.14 

25 

39.286 

1021.43 

1178.67 

72 

113.143 

2941.71 

3394.29 

30 

47.143 

1225.71 

1414.29 

73 

114.714 

2982.57 

3441.43 

35 

55.  OCX) 

1430.00 

1650.00 

75 

117.867 

3064.29 

3535.71 

40 

62.857 

1634.29 

1886.71 

78 

122.671 

3186.86 

3677.14 

45 

70.714 

1838.67 

2121.43 

80 

125.714 

3268.57 

3771.43 

48 

75.429 

1961.14 

2262.86 

82 

128.867 

3350.29 

3865.71 

60 

78.571 

2042.86 

2357.14 

86 

133.671 

3472.86 

4007.14 

52 

81.714 

2124.57 

2461.43 

88 

138.286 

3596.43 

4148.67 

66 

88.000 

2288.00 

2640.00 

90 

141.429 

3677.14 

4242.86 

67 

89.671 

2328.86 

2687.14 

92 

144.571 

3758.86 

4337.14 

60 

94.286 

2461.43 

2828.57 

96 

149.286 

3881.43 

4478.67 

61 

95.857 

2492.29 

2876.71 

98 

154.000 

4004.00 

4620.00 

63 

99.000 

2674.00 

2970.00 

100 

157.143 

4085.71 

4714.29 

About  two  per  cent.  {'2%)  extra  should  be  allowed  for  waste  in  cutting. 

of  the  ties  (which  are  determinable),  but  also  on  the  support 
which  the  ties  receive  from  the  ballast,  which  is  not  only  very- 
uncertain  but  variable.  No  general  rule  can  therefore  claim 
any  degree  of  precision,  but  the  following  is  given  by  the  Bald- 
win liOconiotive  Works :  "  Each  ten  pounds  weight  per  yard  of 
ordinary  steel  rail,  properly  supported  by  cross- ties  (not  less 
than  14  per  30-foot  rail),  is  capable  of  sustaining  a  safe  load 
per  wheel  of  2240  pounds."  For  example,  a  consohdation  loco- 
motive with  112600  lbs.  on  8  drivere  has  a  load  of  14075  lbs. 
per  wheel.  This  divided  by  2240  gives  6.28.  According  to  the 
rule,  the  rails  for  such  a  locomotive  should  weigh  at  least  62.8 
lbs.  per  yard. 

(d)  Splice-bars,  track-bolts,  and  spikes.  These  are  usually 
sold  by  the  pound,  except  the  patented  forms  of  rail-joints, 
which  are  sold  by  the  pair.  In  any  case  thcj'^  are  subject  to 
market  fluctuations  in  price.  As  an  approximate  value  the 
following  prices  are  quoted:  Splice-bars,  1.35  c.  per  poimd; 
track-bolts,  2.4  c;  spikes,  1.75  c.  The  weight  of  the  splice- 
bars  will  depend  on  the  precise  pattern  adopted — its  ctc^^a^ 
section  and  length.  For  a  4r)-lh.  ti\\\  «iy\  ^w^v\A>wt  ^Vcyea 
original  weight  in  the  rolled   section  la  (S.^  \\)^.  V'^^^  '^^^'^  w^v^"^ 
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be  used.  A  pair  21  inches  long  "would  weigh  21.5  lbs.  For  a 
70-lb.  rail  an  angle-bar  section  weighing  9  to  12  lbs.  per  yard 
would  be  used.  A  pair  of  the  10-lb.  section,  with  the  long 
44-inch  0-hole  bar,  used  by  the  Michigan  Central  Railroad, 
would  weigh  about  70  lbs.  Angle-bars  suitable  for  a  100-lb. 
rail  will  weigh  about  14  to  16  lbs.  per  foot.  The  following 
tables  will  be  useful  for  reference. 


TABLE   XVII. — SPTJCE-BAR8    AND    BOLTS   PER   MILE    OP   TRACK. 


Number  of  bolts 

Number 

required. 

Length 

of  pairs 

of  rail. 

of  splice- 

bars. 

4-hole 

6-hole 

splice. 

splice. 

24  feet 

440 

1760 

2640 

25    " 

422 

1688 

2532 

26    '• 

406 

1624 

2436 

27    " 

391 

1564 

2346 

28    " 

377 

1508 

2262 

30    " 

352 

1408 

2112 

33    " 

320 

1880 

1920 

TABLE    XVIII. RAIIiROAD    SI'IKES. 


Size  meas- 
ured under 
head. 

Average 

number 

per  keg  of 

200  poundH 

Ties  24"  between  cen- 
ters, 4  spikes  per  tie, 
number  per  Mile. 

Suitable 

weight  of 

rail. 

Pounds. 

Kega. 

5i"XiV' 
5"  X  ,««" 
5"X  h" 

375 
400 
450 

5632 
5280 
4692 

28.16 
26.40 
23.46 

45  to  100 
40  ••  56 
40 

TABLE   XIX.       TRACK-BOLTS. 
Average  number  in  a  keg  of  200  pounds. 


Size  of 
bolt. 


Square 
nut. 


Hexagonal 
nut. 


Suitable 
rail. 


250 
243 
236 
229 
222 
170 
105 
161 
157 
15*.^ 


270 
261 
253 
244 
236 
180 
175 
170 
105 
\G0 


50  pounds 
antl  up- 
ward. 
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(e)  Track-laying.  Much  depends  on  the  force  of  men  em- 
ployed and  the  use  of  systematic  methods;  $528  per  mile  is 
the  estimate  employed  by  the  Pennsylvania  Railroad.  $500  per 
mile  is  the  estimate  given  in  §  362. 

359.  Item  8.  BmLDiNGS  Aim  Miscellaneous  structures. 
Except  for  rough  and  preliminary  estimates,  these  items  must 
be  individually  estimated  according  to  the  circiunstances.  The 
subitems  include  depots,  engine-houses,  repair-shops,  water- 
stations,  section-  and  tool-houses,  besides  a  large  variety  of 
smaller  buildings.  The  structures  include  turn-tables,  cattle- 
guards,  fencing,  road-crossings,  overhead  bridges,  etc.  The 
detailed  estimate,  given  in  §  362,  illustrates  the  cost  of  these 
smaller  items. 

360.  Item  Q.  INTEREST  ON  CONSTRUCTION.  The  amount 
of  capital  that  must  be  spent  on  a  railroad  before  it  has  beguii 
to  earn  anything  is  so  veiy  large  that  the  interest  on  the  cost 
during  the  period  of  const rviction  is  a  very  considerable  item.  The 
amount  that  must  be  charged  to  this  head  depends  on  the  cur- 
rent rate  of  money  on  the  time  required  for  construction  and 
on  the  abilit)'^  of  the  capitalists  to  retain  their  capital  where 
it  will  be  eai-uing  something  until  it  is  actually  needed  to  pay 
the  company's  obligations.  Of  course,  it  is  not  necessary  to 
have  the  entire  capital  needed  for  construction  on  hand  when 
construction  commences.  Assuming  money  to  be  worth  69c, 
that  the  work  of  construction  will  require  one  year,  that  the 
money  may  be  retained  where  it  will  earn  something  for  an 
average  period  of  six  months  after  construction  commences, 
or,  in  other  words,  it  will  be  out  of  circulation  six  months  before 
the  road  is  opened  for  traffic  and  begins  to  earn  its  way,  then 
we  may  charge  3%  on  the  total  cost  of  construction. 

361.  Item  10.  Telegraph  Lines.  This  evidently  depends 
on  the  scale  of  the  road  and  the  magnitude  of  the  business  to 
be  operated.  In  the  following  estimate  it  is  given  as  $200 
per  mile,  which  evidently  is  intended  to  apply  to  the  business 
of  a  small  road. 

362.  Detailed  estimate  of  the  cost  of  a  line  of  road.  The  fol- 
lowing estimate  was  given  in  the  Engineering  Neivs  of  Dec.  27, 
1000,  of  the  cost  of  the  Duluth,  St.  Cloud,  Glencoe  <fe  Mankato 
Railroad,  157.2  miles  long. 

The  estimate  is  exactly  as  copied  froxw  Wve  Kingi'neeTi'ac^  >se\\5^. 
There  are  some  numerical  discrepaucks.    iXexa  *i^  ^ov^^  ^'^^' 
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dently  be  based  on  the  suni  of  the  first  25  items,  and  item  27 

on  the  sum  of  the  first  26.    The  figures  in  parentheses  (  )  are 
deduced  from  the  figures  given. 

1.  Right-of-way:  1905.3  acres  (12.12  acres  per  mile)  @  $100  per 

acre $190530 

2.  Clearing  and  grubbing.  144  acres  (0.916  acre  per  mile)  @  $50 

per  acre 7200 

3.  Earth  excavation.  1907590  cu.  yds.  (12135  cu.  yds.  per  mile) 

@  15  c 286138 

4.  Rock  excavation .  6100  cu.  yds.  (32.44  cu.  yds.  per  mile)  @  80  c.  4080 
i  Wooden-box  culverts.  508300  ft.  B.M.  @  $30  per  M. .   $15249 

\  Iron-pipe  culverts;  879840  lbs.  @  3c.  per  lb 26395  41644 

I  Pile  trestling.  4600  lin.  ft.  @  35  c.  per  lin.  ft 1610 

°*  1  Timber  trestling.  609300  ft.  B.M.  @  $30  per  M 15279  10889 

(  Bridge  masonry:  5520  cu.  yds.  @  $8  per  cu.  yd 44160 

(  Bridges,  iron,  100  spans.  2000000  lbs.  @  4  c.  per  lb. .  .     80000  124160 

8.  Cattle-guards 8750 

9.  Ties  (2640  per  mile).  419813  (159.02  M.)  @  35  c 146935 

10.  Rails  (70  lbs.  per  yd.):  110  tons  per  mile.  17492.2  tons  (159.02 

M.)  @$26 384797 

11 .  Rail  sidings  (per  yd.) :  1 10  tons  per  mile,  3300  tons  (30  M.)  @  $26  85800 

12.  Switch  timbers  and  ties 3300 

13.  Spikes:  5920  lbs.  per  mile.  1107040  (187  M.)  @  1.75.  c.  per  lb.  19373 

14.  Splice-bars.  2635776  lbs.  @  1.35  c.  per  lb 35583 

15.  Track-bolts  (2  to  joint  (?)):   188458.3  lbs.  @  2.4  c.  per  lb 4620 

16.  Track-laying    187.2  miles  @  $500  per  mUe 93600 

17.  Ballasting    2152  cu.  yds.  per  mile,  402854  (187.2  M.)  @  60  c. .  241712 

18.  Turn-out  and  switch  furnishings 6450 

19. .  Road-crossings,  68040  ft.  B.M.  @  $30  per  M 2041 

20.  Section  and  tool-houses,  16  @  $800 12800 

21.  Water-stations 15000 

22.  Turn-tables,  6  @  $800 4800 

23.  Depots,  grounds,  and  repair-shops 78000 

24.  Terminal  grounds  and  special  land  damages 150000 

25.  Fencing,  314  miles  ($150  per  mile) 47100 

26.  Engineering  and  office  expenses  (5%  of  $1984458) 99222 

27.  Interest  on  construction  (3%  of  $2083680) 62610 

28.  Rolling-stock  ($5000  per  mile) 786000 

29.  Telegraph  line:  157  miles  @  $200  per  mile 31400 

$3060340 
Average  cost  per  mile  ready  for  operation,  $19467. 
Approximate  cost  of  130  miles  from  St.  Cloud  to  Duluth,  estimated  at 

$2.3000  per  mile. 
Approximate  cost  of  entire  line  from  Albert  Lea  to  Duluth,  287.2  miles, 

$6050340  ($21060  per  mile). 


PART  II. 
EAILROAD  ECONOMICS. 


CHAPTER  XVIII. 

INTRODUCTION. 

363.  The  magnitude  of  railroad  business.  The  gross  earnings 
of  railroads  for  the  year  ending  June  30,  1899,  were  over  $1,300,- 
000,000.  This  is  greater  than  the  combined  value  of  all  the 
gold,  silver,  iron,  wheat,  and  com  produced  by  the  country. 
The  following  figures  (to  the  nearest  million  of  dollars)  gives 
the  value  of  various  crops  for  1899,  according  to  the  current 
U.  S.  Yearbook  of  Agricultiu*e : 


Gold 71 

Silver 33 

Iron 245 

Wheat 320 

Com 629 


Oats 198 

Hay 412 

Coal 266 

Copper 104 

Lead 19 


Total 2287 

About  929000  persons  (about  one  eightieth  of  the  population) 
were  directly  employed  by  the  roads  for  a  compensation  of 
about  $523,000,000.  Probably  3,000,000  to  4,000,000  people 
were  supported  by  this.  Beside  all  these,  probably  5,000,000 
employes  were  kept  busy  in  occupations  which  are  a  more  or 
less  direct  result  of  railroads,  e.g.,  locomotive-  and  car-shops, 
rail-mills,  etc.  We  may  therefore  estimate  that  perhaps 
20,000,000  people  (or,  say,  one  fourth  of  our  population)  are 
supported  by  railroads  or  by  occupations  which  owe  their 
chief  existence  to  railroads. 

The  "number  of  passengers  carried  1  mW  ^sa\^,^^\-?>2n  ^sS!^. 
CaUing  the  population  o[  the  United  States  7 5,^^^,^^^  ^«^  xcssssv^ 
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numbers,  it  means  an  average  ride  of  195  miles  for  every  man, 
woman,  and  child. 

The  ''tons  carried  1  mile"  wore  123,607,257,153,  or  nearly 
1650  ton-miles  per  inhabitant.  The  payments  made  to  the 
railroads  averaged  over  $17  per  inhabitant. 

Turning  to  a  dark  side  of  the  picture,  we  find  that  the  traffic 
was  carried  on  at  a  cost  of  7123  killed  and  44620  injured.  This 
averages  one  killed  every  hour  and  a  quarter  and  one  injured 
every  twelve  minutes.  Of  these  large  numbers,  the  "passen- 
gers" comprised  but  239  and  3442  respectively.  The  remainder 
were  employes  and  "others,"  the  "others"  consisting  largely 
of  "trespassers." 

The  actual  bona-fide  cost  of  the  railroads  of  the  country 
cannot  be  accurately  computed  (as  will  be  shown  later),  but 
the  capital,  as  represented  by  stocks  and  bonds,  represents 
$11,033,954,898,  or  about  $147  per  inhabitant.  This  is  roughly 
about  one  sixth  of  the  total  national  wealth. 

The  above  figures  may  give  some  idea  of  the  magnitude  of 
the  interests  involved  in  the  operation  of  railroads.  No  single 
business  in  the  country  approaches  it  in  capital  involved,  earn- 
ings, number  of  people  affected,  or  effect  on  other  business. 

364.  Cost  of  transportation.  The  importance  of  railroads 
may  be  also  indicated  by  their  power  of  creating  cheap  trans- 
portation. Less  than  one  hundred  years  ago  local  famine 
and  overabundant  harvests  within  a  radius  of  a  few  miles 
were  not  unknown.  When  the  transportation  of  goods  depended 
on  actual  porterage  by  human  beings,  as  has  been  the  case 
but  recently  in  the  Klondike,  the  transportation  of  100  lbs.  20 
miles  might  be  considered  an  average  day's  labor.  At  $1  per 
day,  this  equals  $1  per  ton-mile.  In  1899  the  railroads  trans- 
ported freight  at  an  average  cost  to  the  public  of  0.724  c.  per 
ton  per  mile,  and  the  feeding  of  Europe  with  wheat  from  Mani- 
toba has  become  a  commercial  possibility.  In  1899  passengers 
paid  an  average  charge  of  1.925  c.  per  mUe,  and  a  trip  of  1000 
miles  inside  of  24  hours  is  now  common. 

365.  Study  of  railroad  economics — its  nature  and  limitations. 
The  multiplicity  of  the  elements  involved  in  most  problems 
in  railroad  construction  preclude  tlio  possibility  of  a  solution 
which    is   demonstrably    perfect.     Barring    out    the    compara- 

tively  few  cases  in  this  countTy  \v\\e.Te  it.  '\^  ^y^cvjW.  \.q  cJvA»ixi 
a/iy  practicable  location,  it  may  be  said  W\a\.  ^  com^ai^i^AN^^j 
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low  order  of  talent  will  suffice  to  locate  anywhere  a  rsulroad 
over  which  it  is  physically  possible  to  run  trains.  It  may  be 
very  badly  located  for  obtaining  business,  the  ruling  grades 
may  be  excessive,  the  alignment  may  be  very  bad,  and  the 
road  may  be  a  hopeless  financial  failure,  and  yet  trains  can  be 
run.  Among  the  infinite  number  of  possible  locations  of  the 
road,  the  engineer  must  determine  the  route  which  will  give 
the  best  railroad  property  for  the  least  expenditure  of  money — 
the  road  whose  earning  capacity  is  so  great  that  after  paying 
the  operating  expenses  and  interests  on  the  bonds,  the  surplus 
available  for  dividends  or  improvements  is  a  maximum. 

An  unfortunate  part  of  the  problem  is  that  even  the  blunders 
are  not  always  readily  apparent  nor  their  magnitude.  A  de- 
fective dam  or  bridge  will  give  way  and  every  one  realizes  the 
failure,  but  a  badly  located  railroad  affects  chiefly  the  finances 
of  the  enterprise  by  a  series  of  leaks  which  are  only  perceptible 
and  demonstrable  by  an  expert,  and  even  he  can  only  say  that 
certain  changes  would  probably  have  a  certain  financial  value. 

366.  Outline  of  the  engineer's  duties.  The  engineer  must 
realize  at  the  outset  the  nature  and  value  of  the  conflicting 
interests  which  are  involved  in  variable  amount  in  each  possi- 
ble route. 

(a)  The  maximum  of  business  must  be  obtained,  and  yet  it  may 
happen  that  some  of  the  business  may  only  be  obtained  by  an 
extravagant  expenditure  in  building  the  line  or  by  building  a 
line  very  expensive  to  operate. 

(b)  The  ruling  grades  should  be  kept  low,  and  yet  this  may 
require  a  sacrifice  in  business  obtained  and  also  may  cost  more 
than  it  is  worth. 

(c)  The  alignment  should  be  made  as  favorable  as  possible; 
favorable  alignment  reduces  the  future  operating  expenses, 
but  it  may  require  a  very  large  immediate  outlay. 

(d)  The  total  cost  must  be  kept  within  the  amount  at  which 
the  earnings  will  make  it  a  profitable  investment. 

(e)  The  road  must  be  completed  and  operated  until  the 
''normal"  traffic  is  obtained  and  the  road  is  self-supporting 
without  exhausting  the  capital  obtainable  by  the  projectors : 
for  no  matter  how  valuable  the  property  may  ultimately  be- 
come, the  projectors  will  lose  nearly,  if  not  quite,  all  \3fte>3  \\aM^ 
invested  if  they  lose  control  of  the  eI\teTpTVse;V>e!vQ^ce;^^»\i^^^'«^^ 

^  paying  investment. 
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Eku;h  new  route  suggested  makes  a  new  combination,  of  tke 
above  conflicting  elements.  The  engineer  must  select  a  route 
by  first  eliminating  all  lines  which  are  manifestly  impracticable 
and  then  gradually  narrowing  the  choice  to  the  beet  rout.es 
whose  advantages  are  so  nearly  equal  that  a  closer  detailed 
comparison  is  necessary. 

The  ruling  grade  and  the  details  of  alignment  have  a  large 
influence  on  the  operating  expenses.  A  large  part  of  this 
course  of  instruction  therefore  consists  of  a.  study  of  operating 
expenses  imder  average  normal  conditions,  and  then  a  study 
of  the  effect  on  operating  expenses  of  given  changes  in  the  align- 
ment. 

367.  Justification  of  such  methods  of  computation.  It  may 
be  ai^ed  that  the  data  on  which  these  computations  are  based 
are  so  unreliable  (because  variable  and  to  some  ext«it  non- 
computable)  that  no  dependence  can  be  based  on  the  conclu- 
sions. This  is  true  to  the  extent  that  it  is  useless  to  claim 
great  precision  in  the  computation  of  the  value  of  any  pro- 
posed change  of  alignment.  Suppose,  for  example,  it  is  com- 
puted that  a  given  improvement  in  alignment  will  reduce  the 
operating  expenses  of  20  trains  per  day  by  $1000  per  year. 
Suppose  the  change  in  alignment  may  be  made  for  $5000,  which 
may  be  obtained  at  5%  int-ercst.  Even  with  large  allowances 
for  inaccuracy  in  the  computation  of  the  value,  $1000,  it  evi- 
dently will  be  better  to  incur  an  additional  interest  charge  of 
$250  than  increase  the  annual  operating  expenses  by  $1000. 
Moreover,  since  traffic  is  almost  sure  to  increase  (and  interest 
charges  are  generally  decreasing),  the  advantage  of  the  im- 
provement will  only  increase  as  time  passes.  On  the  other 
hand,  if  the  improvement  cannot  be  made  except  by  an  expen- 
diture of,  say,  $50000,  the  change  would  evidently  be  unjus- 
tifiable. When  the  interest  on  the  first  cost  is  practically 
equal  to  the  annual  operating  value  of  the  proposed  imp>rove- 
ment,  there  is  evidently  but  little  choice;  no  great  harm  can 
result  from  either  decision,  and  the  decision  frequently  will 
depend  on  the  willingness  to  increase  the  total  amount  invested 
in  the  enterprise. 

To  express  the  above  question  more  generally,  in  every  com- 
putation  of  the  operating  value  of  a  proposed  improvement. 
It  may  always  he  shown  that  t\\c  \.T\\e  xo^we,  \\e.^  ^ncit&^bere 
between  some  maxiinuiii  and  some  mumvwxwv.     C;V2e«t  ^«^R3«;)Sar 
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tions  and  more  reliable  data  will  narrow  the  range  between 
these  extreme  values.  According  as  the  interest  on  the  cost 
of  the  proposed  improvement  is  greater  or  less  than  the  mean 
of  these  limits,  we  may  judge  of  its  advisability.  The  range 
of  the  limits  shows  the  luncertainty.  If  it  lies  outside  of  the 
limits  there  is  no  uncertainty,  assuming  that  the  limits  have 
been  properly  determined.  If  well  within  the  limrts,  either 
decision  will  answer  unless  other  considerations  determme  the 
question.  And  so,  although  it  is  not  often  pyossible  to  obtain 
precise  values,  we  may  generally  reach  a  conclusion  which  is 
unquestionable.  Even  under  the  most  imfavorable  circum- 
stances,  the  computations,  when  made  with  the  assistance  of 
all  the  broad  common  sense  and  experience  that  can  be  brought 
to  bear,  will  point  to  a  decision  which  is  much  better  than  mere 
** judgment,"  which  is  responsible  for  very  many  glaring  and 
costly  railroad  blunders.  In  short,  Railroad  Economics  means 
the  application  of  systematic  methods  of  work  p/w«  experience 
and  judgment,  rather  than  a  dependence  on  judgment  unsysv 
tematically  formed.  It  makes  no  pretense  to  furnishing  mechan- 
ical rules  by  which  all  railroad  problems  may  be  solved  by  any 
one,  but  it  does  give  a  general  method  of  applying  principles 
by  which  an  engineer  of  experience  and  judgment  can  apply 
his  knowledge  to  better  advantage.  To  the  engineer  of  limited 
experience  the  methods  are  invaluable;  without  such  methods 
of  work  his  opmions  are  practically  worthless;  with  them 
his  conclusions  are  frequently  more  sound  than  the  unsystem- 
atically  formed  judgments  of  a  man  with  a  glittering  record. 
But  the  engineer  of  great  experience  may  use  these  methods 
to  form  the  best  opinions  which  are  obtainable,  for  he  can  api^ 
his  experience  to  make  any  necessary  local  modifications  in  the 
method  of  solution.  The  dangers  Ue  in  the  extremes,  either 
recklessly  applying  a  rule  on  the  basis  of  insufficient  data  to 
an  unwarrantable  extent,  or,  disgusted  with  such  evident 
unreliability,  neglecting  altogether  such  systematic  methods  of 
work. 


CHAPTER  XIX. 

THE  PROMOTION   OF   RAILROAD   PROJECTS. 

368.  Method  of  formation  of  railroad  corporations.  Many 
business  enterprises,  especially  the  smaller  ones,  are  financed 
entirely  by  the  use  of  money  which  is  put  into  them  directly 
in  the  form  of  stock  or  mere  partnership  interest.  A  railroad 
enterprise  is  frequently  floated  with  a  comparatively  small 
financial  expenditure  on  the  part  of  the  original  promoters. 
The  promoters  become  convinced  that  a  railroad  between  A 
and  B,  passing  through  the  intermediate  towns  of  C  and  D, 
with  others  of  less  importance,  will  be  a  paying  investment. 
They  organize  a  company,  have  surveys  made,  obtain  a  charter, 
and  then,  being  still  better  able  (on  account  of  the  additional 
information  obtained)  to  exploit  the  financial  advantages  of 
their  scheme,  they  issue  a  prospectus  and  invite  subscriptions 
to  bonds.  Sometimes  a  portion  of  these  bonds  are  guaranteed, 
principal  and  interest,  or  perhaps  the  principal  alone,  by  town- 
ships or  by  the  national  government.  The  cost  of  this  pre- 
liminary work,  although  large  in  gross  amount  if  the  road  is 
extensive,  is  yet  but  an  insignificant  proportion  of  the  total 
amount  involved.  The  proportionate  amount  that  can  be 
raised  by  means  of  bonds  varies  with  the  circumstances.  In 
the  early  history  of  railroad  building,  when  a  road  was  pro- 
jected into  a  new  country  where  the  traffic  possibilities  were 
great  and  there  was  absolutely  no  competition,  the  financial 
success  of  the  enterprise  would  seem  so  assured  that  no  diffi- 
culty would  be  experienced  in  raising  from  the  sale  of  bonds 
all  the  money  necessary  to  construct  and  equip  the  road.  But 
the  promoters  (or  stockholders)  must  furnish  all  money  for  the 
preliminary  expenses,  and  must  make  up  all  deficiencies  be- 
tween the  proceeds  of  the  sale  of  the  bonds  and  the  capital  needed 
for  construction. 
^^In  theory,  stocks  represent  the  property  of  the  responsible 
owners  of  the  road,  and  bonds  aiG  vjoi  eweww^Tvxw^iSi  q\!l  \.\\ajb 
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property.  According  to  this  theory,  a  railroad  enterprise 
should  begin  with  an  issue  of  stock  somewhere  near  the  value 
of  the  property  to  be  created  and  no  more  bonds  should  be 
issued  than  are  absolutely  necessary  to  complete  the  enter- 
prise. Now  it  is  not  denied  that  there  are  instances  in  which 
this  theory  is  followed  out.  In  New  England,  for  example, 
as  well  as  in  some  of  the  Southern  States,  there  are  a  few  roads 
represented  wholly  by  stock  or  very  lightly  mortgaged.  But 
this  theory  does  not  conform  to  the  general  history  of  railway 
construction  in  the  United  States,  nor  is  it  supported  by  the 
figures  that  appear  in  the  summary.  The  truth  is,  railroads 
are  built  on  borrowed  capital,  and  the  amount  of  stock  that  is 
issued  represents  in  the  majority  of  (?ases  the  difference  between 
the  actual  cost  of  the  undertaking  and  the  confidence  of  the 
public  expressed  by  the  amount  of  bonds  it  is  willing  to  absorb 
in  the  ultimate  success  of  the  venture."  * 

"The  same  general  law  obtains  and  has  always  obtained 
throughout  the  world,  that  such  properties  (as  railways)  are 
always  built  on  borrowed  money  up  to  the  limit  of  what  is 
regarded  as  the  positive  and  certain  minimum  value.  The 
risk  only — the  dubious  margin  which  is  dependent  upon  sagac- 
ity, skill,  and  good  management — is  assumed  and  held  by  the 
company  proper  who  control  and  manage  the  property."  f 

369.  The  two  classes  of  financial  interests — the  security  and 
profits  of  each.  From  the  above  it  may  be  seen  that  stocks, 
bonds,  car-trust  obligations,  and  even  current  liabilities  repre- 
sent railroad  capital.  The  issue  of  the  bonds  "was  one  means 
of  collecting  the  capital  necessary  to  create  the  property  against 
which  the  mortgage  lies."  The  variation  between  these  inter- 
ests lies  chiefly  in  the  security  and  profits  of  each.  The  current 
liabilities  are  either  discharged  or,  as  frequently  happens,  they 
accumulate  until  they  are  funded  and  thus  become  a  definite 
part  of  the  railroad  capital. 

The  growth  of  this  tendency  is  shown  in  the  following  tabular 
form: 

The  bonded  interest  has  greater  security  than  the  stock,  but 
less  profit.  The  interest  on  the  bonds  must  be  paid  before  any 
money  can  be  disbursed  as  dividends.     If  the  bond  interest 
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Railroads  in  the  United 
States. 

June  30,.1888. 

June  30, 1898. 

Amount, 
millions. 

Per  cent. 

Amount, 
millions. 

,Per  cent. 

Stocks 

3864 

38G9 

396 

47.5 

47.6 

4.9 

5311 
5510 
1087 

44.6 

Funded  del.v 

Current  liabilities,  etc 

46.3 
9.1 

is  not  paid,  a  receivership,  and  perhaps  a  foreclosure  and  sale 
of  the  road,  is  a  probability,  and  in  such  case  the  stockholder's 
'  interests  are  frequently  wiped  out  altogether.  The  bond- 
holder's real  profit  is  frequently  very  different  from  his  nomir 
nal  profit.  He  sometimes  buys  the  bonds  at  a  very  considerable 
discount,  which  modifies  the  rate  which  the  interest  received 
bears  to  the  amount  really  invested.  Even  the  bondholder's 
security  may  suffer  if  his  mortgage  is  a  second  (or  fifth)  mort- 
gage, and  the  foreclosure  sale  fails  to  net  sufficient  to  satisfy 
all  previous  claims. 

On  the  other  hand,  the  stockholder,  who  may  have  pmd  in 
but  a  small  proportion  of  his  subscription,  may,  if  the  venture 
is  successful,  receive  a  dividend  which  equals  50  or  100%  of  the 
money  actually  paid  in,  or,  as  before  stated,  his  entire  holdings 
may  be  entirely  wiped  out  by  a  foreclosure  sale.  When  the 
road  is  a  great  success  and  the  dividends  very  large,  additional 
issues  of  stock  are  generally  made,  which  are  distributed  to  the 
stockholders  in  proportion  to  their  holdings,  either  gratuitously 
or  at  rates  which  give  the  stockholders  a  large  advantage  over 
outsiders.  This  is  the  process  known  as  "watering."  While 
it  may  sometimes  be  considered  as  a  legitimate  "salting  down'* 
of  profits,  it  is  frequently  a  cover  for  dishonest  manipulation  of 
the  money  market. 

For  the  twelve  years  between  1887  and  1899  about  two  thirds 

of  all  the  railroad  stock  in  the  United  States  paid  no  dividends, 

while  of  those   that   paid    dividends   the  average  rate  varied 

from  4.90  to  5.74%.     The  year  from  June  30,  1898,  to  June  30, 

1899,  was  the  most  prosperous  year  of  the  group,  and  yet  nearly 

60%  of  all  railroad  stock  paid  no  dividend,  and  the  average 

rate  paid  by  those  which  paid  at  all  was  4.96%.     The  total 

amount  distributed  in  dividends  was  greater  than  ever  before, 

but  the  average  rate  is  the  least  oi  \>\ie  above  ^ovv^Xie^^sjasaftraany 

roads,    which  had  passed  tlieir  dmdeivda  iox  \a»si^  "^i^^^svssk 
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years,  distinguished  themselves  by  declaring  a  dividend,  even 
though  small.  During  that  same  period  but  13.35%  of  the 
stock  paid  over  6%  interest.  The  total  dividends  paid  amounted 
to  but  •2.01%  of  all  the  capital  stock,  while  investments  ordi- 
narily are  expected  to  yield  from  4  to  6%  (or  more)  according 
to  the  risk.  Of  course  the  effect  of  "watering"  stock  is  to 
decrease  the  nominal  rate  of  dividends,  but  there  is  no  dodging 
the  fact  that,  watered  or  not,  even  in  that  year  of  "good  times," 
about  60%  of.  all  the  stock  paid  no  dividends.  Unfortunately 
there  are  no  accurate  statistics  showing  how  much  of  the  stock 
of  railroads  represents  actual  paid-in  capital  and  how  much 
is  "water."  The  great  complication  of  railroad  finances  and 
the  dishonest  manipulation  to  which  the  finances  of  some  rail- 
roads have  been  subjected  would  render  such  a  computation 
practically  worthless  and  hopelessly  unreliable  now. 

During  the  year  ending  June  30,  1898  (which  may  in  general 
be  considered  as  a  sample),  15.82%  of  the  funded  debt  paid  no 
interest.  About  one  third  of  the  funded  debt  paid  between 
4  and  5%  interest,  which  is  about  the  average  which  is  paid. 

The  income  from  railroads  (both  interest  on  bonds  and  divi- 
dends on  stock)  may  be  shown  graphically  by  diagrams,  such 
as  are  given  in  the  annual  reports  of  the  Interstate  Commerce 
Commission.  They  show  that  while  railroad  investments  are 
occasionally  very  profitable,  the  average  return  is  less  than 
that  of  ordinary  investments  to  the  investors.  The  indirect 
value  of  railroads  in  building  up  a  section  of  country  is  almost 
incalculable  and  is  worth  many  times  the  cost  of  the  roads. 
It  is  a  discouraging  fact  that  very  few  railroads  (old  enough  to 
have  a  history)  have  escaped  the  experience  of  a  receivership, 
with  the  usual  financial  loss  to  the  then  stockholders.  But 
there  is  probably  not  a  railroad  in  existence  which,  however 
much  a  financial  failure  in  itself,  has  not  profited  the  community 
more  than  its  cost. 

370.  The  small  margin  between  profit  and  loss  to  projectors. 
When  a  railroad  is  built  entirely  from  the  funds  furnished  by 
its  promoters  (or  from  the  sale  of  stock)  it  will  generally  be  a 
paying  investment,  although  the  rate  of  payment  may  be  very 
small.  The  percentage  of  receipts  that  is  demanded  for  actual 
operating  expenses  is  usually  about  07%.  TViife  x^xftscecAK^  ^^^ 
•usually  pay  a  reasonable  interest  on  tVie  \,o\>oX  e.^^\\,'dX  vom^^^^- 
But  the  operating  expenses  are  frequenWy  ^Q  «cidi  ^-sr^^  V^^^^  '^ 
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the  gross  receipts.  In  such  cases  even  the  bondholders  do  not 
get  their  due  and  the  stockholders  have  absolutely  nothing. 
Therefore  the  stockholder's  interest  is  very  speculative.  A 
comparatively  small  change  in  the  business  done  (asjs  illus- 
trated numerically  in  §  372)  will  not  only  wipe  out  altogether  the 
dividend — taken  from  the  last  small  percentage  of  the  total 
receipts  and  which  may  equal  50%  or  more  of  the  capital  stock 
actually  paid  in — but  it  may  even  endanger  the  bondholders' 
security  and  cause  them  to  foreclose  their  mortgage.  In  such 
a  case  the  stockholders'  interest  is  usually  entirely  lost.  It 
docs  not  alter  the  essential  character  of  the  above-stated  rela- 
tions that  the  stockholders  sometimes  protect  themselves 
somewhat  by  buying  bonds.  By  so  doing  they  simply  decrease 
their  risk  and  also  decrease  the  possible  profit  that  might  result 
from  the  investment  of  a  given  total  amount  of  capital. 

371.  Extent  to  which  a  railroad  is  a  monopoly.  It  is  a  popu- 
lar fallacy  that  a  railroad,  when  not  subject  to  the  direct  com- 
petition of  another  road,  has  an  absolute  monopoly — ^that  it 
controls  "all  the  traffic  there  is"  and  that  its  income  will  be 
practically  independent  of  the  facilities  afforded  to  the  public. 
The  growth  of  railroad  traffic,  like  the  use  of  the  so-caUed 
necessities  or  luxuries  of  life,  depends  entirely  on  the  supply 
and  the  cost  (in  money  or  effort)  to  obtain  it.  A  large  part  of 
railroad  traffic  belongs  to  the  unnecessary  class — such  as  travel- 
ing for  pleasure.  Such  traffic  is  very  largely  affected  by  mere 
matters  of  convenience,  such  as  well-buUt  stations,  convenient 
termuials,  smooth  track,  etc.  The  freight  traffic  is  very  largely 
dependent  on  the  possibility  of  delivering  manufactured  articles 
or  produce  at  the  markets  so  that  the  total  cost  of  production 
and  transportation  shall  not  exceed  the  total  cost  in  that 
same  market  of  similar  articles  obtained  elsewhere.  The  crea- 
tion of  facilities  so  that  a  factory  or  mine  may  successfully 
compete  with  other  factories  or  mines  will  develop  such  traffic. 
The  receipts  from  such  a  traffic  may  render  it  possible  to  still 
further  develop  facilities  which  will  in  return  encourage  further 
business.  On  the  other  hand,  even  the  partial  withdrawal  of 
such  facilities  may  render  it  impossible  for  the  factory  or  mine 
to  compete  successfully  with  rivals;  the  traffic  furnished  by 
them  is  completely  cut  off  and  the  railroad  (and  indirectly  the 
whole  community)  suffers  corTCspoTiOi\ii^>j .  TW  "^tdctly 
necessary"  trafRc  is  thus  so  small  tWt  iey^  xaJCao«^  ^^\\^\«?l 
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their  operating  expenses  from  it.  The  dividends  of  a  road 
come  from  the  last  comparatively  small  percentage  of  its  revenue, 
and  such  revenue  comes  from  the  ''unnecessary"  traffic  which 
must  be  coaxed  and  which  is  so  easily  affected  by  apparently 
insignificant  * '  conveniences . ' ' 

372.  Profit  resulting  from  an  increase  in  business  done;  loss 
resulting  from  a  decrease.  In  a  subsequent  chapter  it  will 
be  shown  that  a  large  portion  of  the  operating  expenses  are 
independent  of  small  fluctuations  in  the  business  done  and  that 
the  operating  expenses  are  rouglily  two  thirds  of  the  g^^oss 
revenue.  Assume  that  by  changes  in  the  alignment  the  business 
obtained  has  been  increased  (or  diminished)  10%.  Assume  for 
simplicity  that  the  operating  expenses  on  the  revised  track 
are  the  same  as  on  the  route  originally  planned;  also  that  the 
cost  of  the  track  is  the  same  and  hence  the  fixed  charges  are 
assumed  to  be  constant  for  all  the  cases  considered.  Assume 
the  fixed  charges  to  be  28%.  The  additional  business,  when 
carried  in  cars  otherwise  but  partly  filled  will  hardly  increase 
the  operating  expenses  by  a  measurable  amount.  When 
extra  cars  or  extra  trains  are  required,  the  cost  will  increase 
up  to  about  60%  of  the  average  cost  per  train  mile.  We  may 
say  that  10%  increase  may  in  general  be  carried  at  a  rate  of 
40%  of  the  average  cost  of  the  traffic.  A  reduction  of  10% 
in  traffic  may  be  assumed  to  reduce  expenses  a  similar  amount. 
The  effect  of  the  change  in  business  will  therefore  be  as  follows: 


Business  increased  10%. 

Business  decreased  10%. 

Operating  exp.  =  67 
Fixed  charges  =28 

67(1  +  10%X40%)=  69.68 
28.00 

67(1-10%X40%)  = 

=  64.32 
.  28  00 

Income 

Deficit 

95 
Total  income. .  .  100 

97.68 
Income 110.00 

92.32 
.  90.00 

Available  for  divi- 
dends      5 

Available    for    divi- 
dends     12.32 

.   2.32 

In  the  one  case  the  increase  in  business,  which  may  often 
be  obtained  by  judicious  changes  in  the  alignment  or  even  by 
better  management  withoiit  changing  the  alignment,  more  than 
doubles  the  amount  available  for  dividends,.     Iw  Wvo^  qWv^x  ^»a^^ 
the  profits  are  gone,   and  there   is  aiv  ?i\:>?»c\\)l\^  ^^\v^vV-    ^^Nv^ 
»bove  is  a  numerical  illustration  oi  t\ve  aT^wYi:vetv\>,  ^xc^'^Ni^^ 
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stated,  of  the  small  margin  between  profit  and  loss  to  the  original 
projectors. 

373.  Estimation  of  probable  volume  of  traffic  and  of  probable 
growth.  Since  traffic  and  traffic  facilities  are  mutually  inter- 
dependent and  since  a  large  part  of  the  normal  traffic  is  merely 
potential  until  the  road  is  built,  it  follows  that  the  traffic  of  a 
road  will  not  attain  its  normal  volume  until  a  considerable 
time  after  it  is  opened  for  operation.  But  the  estimation  even 
of  this  normal  volume  is  a  very  uncertain  problem.  The  esti- 
mate may  be  approached  in  three  ways: 

1st.  The  actual  gross  revenue  derived  by  all  the  railroads 
in  that  section  of  the  country  (as  d(;termined  by  State  or  U.  6. 
Gov.  reports)  may  be  divided  by  the  total  popidation  of  the 
section  and  thus  the  average  annual  expenditure  per  head  of 
population  may  be  determined.  A  determination  of  this  value 
for  each  one  of  a  series  of  years  will  give  an  idea  of  the  normal 
rate  of  growth  of  the  traffic.  Multiplying  this  annual  contri- 
bution by  the  population  which  may  be  considered  as  tributary 
gives  a  valiuUion  of  the  possible  traffic.  Such  an  estimate  is 
unreliable  (a)  because  the  average  annual  contribution  may  hot 
fit  that  particular  locality,  (b)  because  it  is  very  difficult  to 
correctly  estimate  the  number  of  the  true  tributary  population 
especially  when  other  railroads  encroach  more  or  less  into  the 
territory.  Since  a  rough  value  of  this  sort  may  bo  readily 
determined,  it  has  its  value  as  a  check,  if  for  nothing  else. 

2d.  The  actual  revenue  obtained  by  some  road  whose 
circumstances  are  as  nearly  as  possible  identical  i^dth  the  road 
to  be  considered  may  be  computed.  The  weak  point  consists 
in  the  assumption  that  the  character  of  the  two  roads  is  identical 
or  in  incorrectly  estimating  the  allowance  to  be  made  for  ob- 
served differences.  The  method  of  course  has  its  value  as  a 
check. 

3d.  A  laborious  calculation  may  be  made  from  an  actual 
study  of  the  route — determining  the  possible  output  of  all 
factories,  mines,  etc.,  the  amount  of  farm  produce  and  of  lumber 
that  might  be  shipped,  with  an  estimate  of  probable  passenger 
traffic  based  on  that  of  like  towns  similarly  situated.  This 
method  is  the  best  wlicn  it  is  propc^rly  done,  }:)ut  there  is  always 
thi)  diiiifrcT  of  leaving  out  sources  of  income — both  existent 
aij{J  that  to  be  developed  l)y  tratWc  iacWWwi?.,  qx,  ow  the  other 
Jmnd,  of  overestimating  the  value  oi  exp^eX.^^  \x^«va,   ^Xi  >ijQRi 
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following  tabular  form  are  shown  the  population,  gross  re- 
ceipts, receipts  per  head  of  population,  mileage,  earnings  per 
mile  of  line  operated,  and  mileage  per  10,000  of  population  for 
the  whole  United  States.  It  should  be  noted  that  the  values 
are  only  averages^  that  individual  variations  are  large,  and  that 
only  a  very  rough  dependence  may  be  placed  on  them  as  applied 
to  any  particular  case. 


Year. 

Population 

(estimated). 

Gross 
receipts. 

Receipts 
per  head 
of  popu- 
lation. 

Mileage.t 

Earnings 

per  mile 

of  line 

operated. 

Mileage 

10^000 
popula- 
tion.t 

1888... 
1889. .  . 
1890. .  . 

60,100,000 

61,450,000 

•62,801, 671 

$910,621,220 

964,816,129 

1051,877,632 

$16.15 
15.81 
16.75 

136,884 
153,385 
156,404 

$6663 
6290 
6725 

24.94 
25.67 
26.05 

1891... 
18^2. . . 
1893... 

64,150,000 
66,500,(K)0 
68,850,000 

1096,761,395 
1171,407,343 
1220,751,874 

17.10 
17.89 
18.26 

161,275 
162.397 
169,780 

6801 
7213 
7190 

26.28 
26.19 
26.40 

1894... 
1895... 
1896... 

68.200,000 
69.550,000 
70,900,000 

1073,361,797 
1075,371,462 
1150,169,370 

15.74 
15.46 
16.22 

175,691 
177,746 
181,983 

6109 
6050 
6320 

26.20 
25.97 
25.78 

1897... 
1898... 
1899... 
1900... 

72,3.50,000 

73,600,000 

74.950,000 

♦76,296,220 

1122,089,773 
1247,325.621 
1313,610,118 
1480,673,054 

15.53 
16.95 
17.53 
19.41 

183,284 
184.648 
187,535 
190,400 

6122 
6755 
7005 
7776 

25.53 
25.32 
25.25 
24.96 

*  Actual. 

t  Excludes  a  small  percentage  not  reporting  "gross  receipts." 

t  Actual  mileage. 

The  probable  growth  in  traffic,  after  the  traffic  has  once 
attained  its  normal  volume,  is  a  small  but  almost  certainquantity. 
In  the  above  tabular  form  this  is  indicated  by  the  gradual 
growth  in  "receipts  per  head  of  population"  from  1888  to 
1893.  Then  the  sudden  drop  due  to  the  panic  of  1893  is  clearly 
indicated,  and  also  the  gradual  growth  in  the  last  few  years. 
Even  in  England,  where  the  population  has  been  nearly  station- 
ary for  many  years,  the  growth  though  small  is  unmistakable. 
On  the  other  hand  the  growth  in  some  of  the  Western  States 
has  been  very  large.  For  example,  the  gross  earnings  per  head 
of  population  in  the  State  of  Iowa  increased  from  $1.42  in  1862 
to  $10.00  in  1870,  and  to  S19.4G  in  1884. 

There  will  seldom  be  any  justification  in  buildvix^lck  ^^v^orow^sy- 
date  a  larger  business  than  what   is  *'\iv  ^\^\.'^       ^ivj^xvW  >i^ 
could  be  anticipated  with  certainty  that  a  Vd.T«,vi  Vwix^aas^  "^ 
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business  would  come  in  ten  years,  there  are  many  reasons  why 
it  would  be  unwise  to  build  on  a  scale  larger  than  that  required 
for  the  business  to  be  immediately  handled.  Even  though  it 
may  cost  more  in  the  future  to  provide  the  added  accommo- 
dations {e.g.  larger  terminals,  engine-houses,  etc.),  the  extra 
expense  will  be  nearly  if  not  quite  offset  by  the  interest  saved 
by  avoiding  the  larger  outlay  for  a  period  of  years  which  may 
often  prove  much  longer  than  was  expected.  A  still  more  im- 
portant reason  is  the  avoidance  of  uselessly  sinking  money  at 
a  time  when  every  cent  may  be  needed  to  insure  the  success 
of  the  enterprise  as  a  whole. 

374.  Probable  number  of  trains  per  day.  Increase  with 
growth  of  traffic.  The  num}>er  of  passenger  trains  per  day 
cannot  be  determined  by  dividing  the  total  number  of  passengers 
estimated  to  be  carried  per  day  by  the  capacity  of  the  cars 
that  can  be  haulod  by  one  engine.  There  are  many  small 
railroads,  running  three  or  four  passenger  trains  per  day  each 
way,  which  do  not  carry  as  many  passengers  all  told  as  are 
carried  on  one  heavy  train  of  a  trunk  line.  But  because  the 
bulk  of  the  passenger  traffic,  especially  on  such  light-traffic 
roads,  is  "  unnecessary*'  traffic  (see  §  371)  and  must  be  encouraged 
and  coaxed,  the  trains  must  be  run  much  more  frequently 
than  mere  capacity  requires.  The  minimum  number  of  passen- 
ger trains  per  day  on  even  the  light  est -traffic  road  should  be 
two.  These  need  not  necessarily  be  passenger  trains  exclusively. 
They  may  be  mixed  trains. 

The  number  required  for  freight  service  may  be  kept  more 
nearly  according  to  the  actual  tonnage  to  be  moved.  At  least 
one  local  freight  will  be  required,  and  this  is  apt  to  be  considerably 
within  the  capacity  of  the  engine.  Some  very  light-traffic 
roads  have  little  else  than  local  freight  to  handle,  and  on  such 
there  is  less  chance  of  economical  management.  Roads  with 
heavy  traffic  can  load  up  each  engine  quite  accurately  according 
to  its  hauling  capacity  and  the  resulting  economy  is  great.  Fluc- 
tuations in  traffic^  are  readily  allowed  for  by  adding  on  or  drop- 
ping off  one  or  more  trains.  Passenger  trains  must  be  run  on 
regular  sclu^dule,  full  or  empty.  Fnnght  trains  are  run  by 
train-despatchcr's  orders.  A  few  freight  trains  pc;r  day  may  be 
run  on  a  nominal  schedule,  but  all  others  will  be  run  as  extras. 
The  criterion  for  an  increase  in  t\ve  ivumV^eT  oi  ^^«afcxv^<5T  trains 
Js  Impossible  to  define  by  set  T\Aes.    ^m<i^  V^  ^wiX.^  ^^wvj^ 
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come  before  it  is  absolutely  demanded  by  the  train  capacity 
being  overtaxed,  it  may  be  said  in  general  terms  that  a  train 
should  be  added  when  it  is  believed  that  the  consequent  in- 
crease in  facilities  will  cause  an  increase  in  traffic  the  value  of 
which  will  equal  or  exceed  the  added  expense  of  the  extra  train. 

375.  Effect  on  traffic  of  an  increase  in  facilities.  The  term 
facilities  here  includes  everything  which  facilitates  the  transport 
of  articles  from  the  door  of  the  producer  to  the  door  of  the 
consumer.  As  pointed  out  before,  in  many  cases  of  freight 
transport,  the  reduction  of  facilities  below  a  certain  point  will 
mean  the  entire  loss  of  such  traffic  owing  to  local  inability  to 
successfully  compete  with  more  favored  localities.  Sometimes 
owing  to  a  lack  of  facilities  a  railroad  company  feels  compelled 
to  pay  the  cartage  or  to  make  "a  corresponding  reduction  on 
what  would  normally  be  the  freight  rate.  In  competitive  freight 
business  such  a  method  of  procedure  is  a  virtual  necessity  in 
order  to  retain  even  a  respectable  share  of  the  business.  Even 
though  the  railroad  has  no  direct  competitor,  it  must  if  possible 
enable  its  customers  to  meet  their  competitors  on  even  terms. 
In  passenger  business  the  effect  of  facilities  is  perhaps  even 
more  marked.  The  pleasure  travel  will  be  largely  cut  down 
if  not  destroyed.  It  is  on  record  that  a  railroad  company 
once  ordered  the  manager  of  a  station  restaurant  to  largely 
increase  the  attractions  at  that  restaurant  (as  a  method  of 
attracting  traffic)  and  agreed  to  pay  the  expected  resulting 
loss.  The  net  result  was  not  only  a  large  increase  in  railroad 
business  (as  was  expected),  but  even  an  increase  in  the  profits 
of  the  restaurant. 

376.  Loss  caused  by  inconvenient  terminals  and  by  stations 
far  removed  from  business  centers.  This  is  but  a  special  case 
of  the  subject  discussed  just  in  the  preceding  paragraph.  The 
competition  once  existing  between  the  West  Shore  and  the 
New  York  Central  was  hopeless  for  the  West  Shore  from  the 
start.  The  possession  of  a  terminal  at  the  Grand  Central 
Station  gave  the  New  York  Central  an  advantage  over  the  West 
Shore  with  its  inconvenient  terminal  at  Weehawken  which 
could  not  be  compensated  by  any  obtainable  advantage  by 
the  West  Shore.  This  is  especially  true  of  the  passenger  busi- 
ness. The  through  freight  business  passing  throug;l\  ot  l^T\s>k- 
nating  at  New  York  is  handled  so  jjeneTaWy  \^y  veve^wcv^  o\  ^c^^Ki^ 
that  the  disadvantage  in  this  respect  \a  Xiot  ^o  ^^^^*«    ^VOR^ 
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enormous  expenditure  (roughly  $10,000,000)  made  by  the 
Pennsylvania  R.  R.,  on  the  Broad  Street  Station  (and  its  ap- 
proaches) in  Philadelphia,  a  large  part  of  which  was  made  in 
crossing  the  Schuylkill  River  and  running  to  City  Hall  Square, 
rather  than  retain  their  terminal  in  West  Philadelphia,  is  an 
illustration  of  the  policy  of  a  great  road  on  such  a  question. 
The  fact  that  the  original  plan  and  expenditure  has  been  very 
largely  increased  since  the  first  construction  proves  that  the 
management  has  not  only  approved  the  original  large  outlay, 
but  saw  the  wisdom  of  making  a  very  large  increase  in  the  ex- 
penditure. 

The  construction  of  great  terminals  is  comparatively  infrequent 
and  seldom  concerns  the  majority  of  engineers.  But  an  engineer 
has  frequently  to  consider  the  question  of  the  location  of  a 
way  station  with  reference  to  the  business  center  of  the  town. 
The  following  points  may  (or  may  not)  have  to  be  considered, 
and  the  real  question  consists  in  striking  a  proper  balance 
between  conflicting  considerations. 

(1)  During  the  early  history  of  a  railroad  enterprise  it  is 
especially  needful  to  avoid  or  at  least  postpone  all  expenditures 
which  are  not  demonstrably  justifiable. 

(2)  The  ideal  place  for  a  railroad  station  is  a  location  im- 
mediately contiguous  to  the  business  center  of  the  town.  The 
location  of  the  station  even  one  fourth  of  a  mile  from  this  may 
result  in  a  loss  of  business.  Increase  this  distance  to  one  mile 
and  the  loss  is  very  serious.  Increase  it  to  five  miles  and  the 
loss  approaches  100%. 

(3)  The  cost  of  the  ideal  location  and  the  necessary  right 
of  way  may  be  a  very  large  sum  of  money  for  the  new  enterprise. 
On  the  other  hand  the  increase  in  property  values  and  in  the 
general  prosperity  of  the  town,  caused  by  the  railroad  it-self, 
will  so  enhance  the  value  of  a  more  convenient  location  that  it« 
cost  at  some  future  time  will  generally  be  extravagant  if  not 
absolutely  prohibitory.  The  original  location  is  therefore  under 
ordinary  conditions  a  finality. 

(4)  To  some  extent  the  railroad  will  cause  a  movement  of 
the  l)usiness  center  toward  it,  especially  in  the  establishment 
of  new  business,  factories,  etc.,  but  the  disadvantages  caused 
to  business  already  established  is  permanent. 

(S)  In  any  attempt  to  compute  \\\e  \o?>^  x^xjJlWxvsj,  i'wcci  a 
location  at  a  given  distance  irom  iVve  bw^m^^  e^\i\,"et  \\,  Tssvia\»>Qfc 
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recognized  that  each  problem  is  distinct  in  itself  and  that  any 
change  or  growth  in  the  business  of  the  town  changes  the  amount 
of  this  loss. 

The  argument  for  locating  the  station  at  some  distance  from 
the  center  of  the  town  may  be  based  on  (a)  the  cost  of  right 
of  way,  thus  involving  the  question  of  a  large  initial  outlay, 
(6)  the  cost  of  very  expensive  construction  (e.g.  bridges), 
again  invohdng  a  large  initial  outlay,  (c)  the  avoidance  of  ex- 
cessive grade  into  and  out  of  the  town.  It  sometimes  happens 
that  a  railroad  is  following  a  line  which  would  naturalh'  cause 
it  to  pass  at  a  considerable  elevation  above  (rarely  below) 
the  town.  In  this  case  there  is  to  be  considered  not  only  the 
possible  greater  initial  cost,  but  the  even  more  important  increase 
in  operating  cost  due  to  the  introduction  of  a  very  heavy  grade. 
To  study  such  a  case,  compute  the  annual  increase  in  operating 
expenses  due  to  the  additional  grade,  curvature,  and  distance; 
add  to  this  the  annual  interest  on  the  increased  initial  cost 
(if  any)  and  compare  this  sum  with  the  estimated  annual  loss 
due  to  the  inconvenient  location.  The  estimation  of  the  increase 
in  operating  expenses  is  discussed  in  a  subsequent  chapter. 
The  loss  of  business  due  to  inconvenient  location  can  only  be 
guessed  at.  Wellington  says  that  at  a  distance  of  one  mile 
the  loss  would  average  25%,  with  upper  and  lower  limits  of 
10  and  40%,  depending  on  the  keenness  of  the  competition 
and  other  modifying  circumstances.  For  each  additional  mile 
reduce  25%  of  the  preceding  value.  While  such  estimates  are 
grossly  approximate,  yet  with  the  aid  of  sound  judgment  they 
are  better  than  nothing  and  may  be  used  to  chock  gross  errors. 

377.  General  principles  which  should  govern  the  expenditure 
of  money  for  railroad  purposes.  It  will  be  shown  later  that 
the  elimination  of  grade,  curvature,  and  distance  have  a  positive 
money  value ;  that  the  reduction  of  ruling  grade  is  of  far  greater 
value ;  that  the  creation  of  facilities  for  the  handling  of  a  large 
traffic  is  of  the  highest  importance  and  yet  the  added  cost  of 
these  improvements  is  sometimes  a  large  percentage  of  the 
cost  of  some  road  over  which  it  would  be  physically  possible 
to  run  trains  between  the  termini. 

The  subsequent  chapters  will  be  largely  devoted  to  a  discussion 
of  the  value  of  these  details,  but  the  geneTal  pT*\Yvc\^^"a  %c3»N^T?ccca% 
the  expenditure  of  money  for  such  purpoa^a  xt^a.^  '^^  ^Xa.X.'^^  ^>» 
follows: 
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1.  No  money  should  be  spent  (beyond  the  unavoidable 
minimum)  unless  it  may  be  shown  that  the  addition  is  in  itself 
a  profitable  investment.  The  additional  sum  may  not  wreck 
the  enterprise  and  it  may  add  something  to  the  value  of  the 
road,  but  unless  it  adds  more  than  the  improvement  costs  it  is 
not  justifiable. 

2.  If  it  may  be  positively  demonstrated  that  an  improvement 
\v\\\  be  more  valuable  to  the  road  than  its  cost,  it  should  certainly 
be  made  even  if  the  required  capital  is  obtained  with  difficulty. 
This  is  all  the  more  necessary  if  the  neglect  to  do  so  will  per- 
manently hamper  the  road  with  an  operating  disadvantage 
which  will  only  grow  worse  as  the  traffic  increases. 

3.  This  last  principle  has  two  exceptions;  (a)  the  cost  of 
the  improvement  may  wreck  the  whole  enterprise  and  cause 
a  total  loss  to  the  original  investors.  For,  unless  the  original 
promoters  can  build  the  road  and  operate  it  until  its  stock 
has  a  market  value  and  the  road  is  beyond  immediate  danger 
of  a  receivership,  they  are  apt  to  lose  the  most  if  not  all  of 
their  investment;  (b)  an  improvement  which  is  very  costly 
although  unquestionably  wise  may  often  be  postponed  by  means 
of  a  cheap  temporary  construction.  Cases  in  point  are  found 
at  many  of  the  changes  of  alignment  of  the  Pennsylvania  R.  R., 
the  N.  Y.,  N.  H.  &  H.  R.  R.,  and  many  others.  While  some  of 
the  cases  indicate  faulty  original  construction,  at  many  of  the 
places  the  original  construction  was  wise,  considering  the  then 
scanty  traffic,  and  now  the  improvement  is  wise  considering 
the  great  traffic. 


CHAPTER  XX. 

OPERATING  EXPENSES. 

378.  Distribution  of  gross  revenue.  When  a  railroad  com- 
prises but  one  sinpjle  property,  owned  and  operated  by  itself, 
the  distribution  of  the  gross  revenue  is  a  comparatively  simple 
matter.  The  operating  expenses  then  absorb  about  two  thirds 
of  the  gross  revenue;  the  fixed  charges  (chiefly  the  interest  on 
the  bonds)  require  about  25  or  30%  more,  leaving  perhaps  3 
to  8%  (more  or  less)  available  for  dividends.  A  recent  report 
on  the  Fitchburg  R.  R.  shows  the  following: 

Operating  expenses $5,083,571  69. 1  % 

Fixed  charges 1,567,640  21 .3% 

Available   for  dividends,  surplus,   or  per- 
manent improvements 708,259  9.6% 

Total  revenue $7,359,470       100.0% 

But  the  financial  statements  of  a  large  majority  of  the  railroad 
corporations  are  by  no  means  so  simple.  The  great  consolida- 
tions and  reorganizations  of  recent  years  have  been  effected 
by  an  exceedingly  complicated  system  of  leases  and  sub-leases, 
purchases,  "mergers,"  etc.,  whose  forms  are  various.  Railroads 
in  their  corporate  capacity  frequently  o\vn  stocks  and  bonds 
of  other  corporations  (railroad  propertied  and  otherwise)  and 
receive,  as  part  of  their  income,  the  dividends  (or  bond  interest) 
from  the  investments. 

In  consequence  of  this  complication,  the  U.  S.  Interstate 
Commerce  Commission  presents  a  "condensed  income  account" 
of  which  the  following  is  a  sample  (1899): 

Gross    earninps     from     operation     (received    by 

station-agents,  etc) $1,313,610,118 

Less  operating  expenses  (fuel,  wages,  etc.) 856,968,999 

Income  from  operation 456,641,119 

Income  from  other  sources  (lease  of  road,  stocks, 

bonds,  etc.) 14%,'IV'i55ft»'^ 

Total  income ^<i^?)S>5i,\fifi 
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Total  deductions  from  income  (interest,  rents  for. 

lease  of  road,  taxes,  etc.), 441  200,289 

Net  income 164,154^13 

Total  dividends  (including  "other  payments")- .         111,089,936 

Surplus  from  operations 63,064377 

In  the  above  account  an  item  of  income  (e.g,  lease  of  road) 
reported  by  one  road  will  be  reported  as  a  "deduction  from 
income"  by  the  road  which  leases  the  other. 

The  above  statement  may  be  reduced  to  an  income  accotint 
of  all  the  railways  considered  cw  one  system.    We  then  have 

Operating  expenses. $856,968,999 

Salaries  and  maintenance  of  leased  lines 
(really  operating  expenses,  but  con- 
sidered above  as  fixed  charges  against 
the  leasing  lines) 595,192 

857,564,191  64.1% 

Net  interest  and  taxes 295,098,014  22.0% 

Available  for  dividends,  adjustments, 

and  improvements 186,992,909  13.9% 

1,339.655.114       100.0% 

Gross  earnings  from  operation 1,313,610,118 

Clear  income  from  investments  (i.e., 
the  balance  of  intercorporate  pay- 
ments and  receipts  on  corporate  in- 
vestments)   26.044,996 

1.339,655,114 

Of  the  $186,992,909,  the  amount  disbursed  as  dividends  to 
outside  stockholders  (besides  that  paid  to  railroads  in  their 
corporate  capacity)  was  $94,273,796.  This  left  a  balance  of 
$92,719,113  "available  for  adjustments  and  improvements." 
Of  this  part  was  spent  in  permanent  improvements,  part  was 
advanced  to  cover  deficits  in  the  operation  of  weak  lines  and 
more  than  half  was  left  as  "surplus,"  i.e.  working  capital. 

The  percentages  of  the  gross  revenue  which  are  devoted  to 
operating  expenses,  fixed  charges,  and  di\adends  are  not  neces- 
sarily an  indication  of  creditable  management  or  the  reverse. 
Causes  utterly  beyond  the  control  of  the  management,  such 
as  the   local   price   of  coal,   may  abnormally  increase  certain 
items  of  expense,  while  ruinous  competition  may  cut  down  the 
^ross  revenue  so   that  little  or  nolYvVn?,  \a  M\,  lot  ^\HS^\ids. 
A  favorable  location  will  sometimes  ma^V^  ^  ^^^^  \«tw!^Twa 
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in  spite  o£  bad  management.  On  the  other  hand,  the  hi^>e(?t 
grade  of  skiU  wiU  fail  to  keep  some  roads  onxi  of  the  hands  of 
a  receiver. 

379.  Fourfold  distritetlon  of  operating  expensco.  The 
distribution  of  operating;  expenses  here  used  is  copied  from  the 
method  of  the  Interstate  Commerce  Oommisaon.  The  aim  is  to 
divide  the  expenses  into  groups  which  are  as  mutually  indepen- 
dent and  distinct  as  possibten— although,  as  will  be  seen  later, 
a  change  in  one  item  of  expense  will  variously  affect  other 
items.    The  groups  are: 

Average  value* 

1.  Maintenance  of  way  and  structures. 20 .  662^ 

The  values  for  five  years  have  an  extreme  range  of 
about  1.2%.  The  subdivisions  of  this  group  and  of 
the  others  will  be  given  later. 

2.  Maintenance  of  equipment 16.8925^ 

Extreme  range  of  1.834%.  The  tendency  hjas  been 
for  this  item  to  grow  larger,  not  only  in  absolute  amount 
but  in  percentage  of  total  expenditure. 

3.  Conducting  transportation 57.7935( 

This  item  has  been  growing  relatively  less.  During 
(and  immediately  after)  the  panic  of  1893,  the  main- 
tenance of  way  and  of  equipment  was  made  as  small 
as  possible,  which  made  the  cost  of  conducting  trans- 
portation relatively  larger.  During  the  recent  more 
purosperous  years  deficiencies  of  equipment  have  been 
made  up,  making  this  item  relatively  less. 

4.  General  expenses 4 .  6535^ 

A  nearly  constant  item. 

100.000^ 

The  above  percentages  represent  the  averages  given  by  the 
reports  for  the  five  years  from  1895  to  1899  inclusive. 

380.  Operating  expenses  per  train-mile.  The  reports  of  the 
U.  S,  Interstate  Commerce  Commission  give  the  average  cost 
per  train-mile  for  every  railroad  in  the  United  States,  Although 
there  are  wide  variations  in  these  values,  it  is  remarkable  that 
the  very  large  majority  of  roads  give  values  which  agree  to 
within  a  small  range,  and  that  within  this  range  are  found  not 
only  the  great  trunk  lines  with  their  enormous  train  mileage, 
but  also  roads  with  very  light  traffic. 

In  the  foUo^ving  tabular  form  is  showTi  a  atatexftaxiX.  \,^JJ«w<svv  Vt^^sv 
the  report  for  1898  of  ten  of  the  longest  xaWroaAa  v£v\Xv^>N^^>5^R^ 
Bt^t^  And,  in  comparison  with  them,  a  coTX<?«^xvd!va.^  ^\».V«e\s>R?«v\* 
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regarding  ten  more  roads  selected  at  random,  except  in  the 
respec^t  that  each  had  a  mileage  of  less  than  100  miles.  Al- 
though the  extreme  variations  are  great (»r,  yet  there  is  no  very 
mark(»d  difference  in  the  general  viUues  for  operating  expenses 
per  train-mile,  or  in  the  ratio  of  expenses  to  earnings.  The 
averages  for  the  ten  long  roads  agree  fairly  well  with  the  averages 
for  the  whole  country-,  bnt  there  would  be  no  trouble  (as  is 
shown  by  some  of  the  individual  cases)  in  finding  another  group 
of  ten  short  roads  giving  either  greater  or  less  average  values  than 
those  given.  And  yet  the  tendency  to  uniform  values,  regard- 
less of  the  mileage,  is  very  striking. 


No.  in 
report. 

Mileage. 

Qfwrat- 
iriB  px- 
pensefl 
partmin- 
zxiile. 

Ratio . 

e&m. 

Whole  Unitetl  States 

186,306 

U,g56 

65. 58 

71 

ConwlLan  PnciHi}.  .  . . 

6, MS 
6491 
5,S6t> 
5,42fi 
5,2;i2 
5,080 
4.56S 
4,524 

3^)7 

n.HS3 
0.881 

o.m»9 

0.885 

o.ai7 

1,177 

l.iOl 

.7fl4 

58.21 

1465 
1443 
1879 
1142 
1436 
1405 
1560 
1495 

C.,M,  ASt.P. 

C..H-,Aa , 

Hniithern  Pocilio 

hiimlbern- ^ .........  . 

Chit-agn  &  Northwostem.  .,.,.,. 

A..T.  &8,  P 

Nnrthem  Pacific.  .  ,  * * .  , . 

58.94 
GO.  87 
BS,7fl 
65.32 

67. 5g 
46, 8t 
4e.tt7 

1264 

Ulinois  C-entraL 

63.50 

AvemgiB  of  teti 

O.OfiO 

S»,04 

7 

105 

167 

234 

888 

1074 

1284 

1540 

1812 

1979 


Bennington  <fe  Rutland. 

Mont.  &  Wollft  R 

Balto.  <fel)el.  Buy 

(^ent.  N.  Y.  &W 

Man.  &  N.  K 

Farmv.  &  Powh 

Lex.  «fe  East 

Manistiqiie 

Wh.  &  Bl.  River  Val.  .  . 
No.  Pac.  (!!oaflt 


AveraKe  of  ten  . 


59 
44 
45 
63 
99 
93 
94 
60 
64 
88 


0.582 
0.828 
1.098 
0.454 
0.739 
0.781 
0.975 
1.162 
.799 
.709 


0.819 


71.42 
83.96 
102.83 
91.17 
54.49 
76.22 
68.46 
69.01 
63.08 
66.58 


73.72 


The  constancy  of  the  average  cost  per  train  mile  for  several 
years  ])ast  may  hv  uoiod  from  the  following  tabular  form. 
Thff   rnforcpd   economies   after  the   panic   of    1893   are  well 
shown.      Tho  n*flncti<m  jrencTaWy  VvhAs.  VW  ^c^xm  oJl  \)w  \ov:eriiiK 
of  the  standards  of  inaiiiteuaiice  ol  way  «ai^  ol  iMwxAwaaawfc  ^ 
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Year. 

Average  cost  per 
train-mile. 

1890 

1891 

96.006 
95.707 
96.580 
97.272 
93.478 
91.829 
93.838 
92.918 
95.635 
98.390 

1892 

1893 

1894 

1895 

1896 

1897 

1898 

1899 

95.165 

ent.  The  marked  advance  from  1897  to  1898  and  to 
IS  largely  caused  by  the  necessity  for  restoring  the  roads 
er  condition,  replenishing  worn-out  equipment  and  pro- 
additional  equipment  to  handle  the  greatly  increased 
of  business. 

)king  over  the  list,  it  may  be  noted  that  the  cases  where 
rating  expenses  per  train-mile  and  the  ratio  of  expenses 
ings  vary  very  greatly  from  the  average  are  almost 
)ly  those  of  the  very  small  roads  or  of  "junction  roads" 
the  operating  conditions  are  abnormal.  For  example, 
le  road,  with  a  total  length  of  13  miles  and  total  annual 
ig  expenses  of  $5342,  spent  but  22^c.  per  train-mile, 
)reciscly  exhausted  its  earnings.  As  another  abnormal 
road  44  miles  long  spent  $3.81  per  train-mile,  which  was 
fourteen  times  its  earnings.  In  another  case  a  road 
3  long  earned  $7.76  per  train-mile  and  spent  $6.03  (78%) 
rating  expenses,  but  the  fixed  charges  were  abnormal 
;  earnings  were  less  than  half  the  sum  of  the  operating 
s  and  fixed  charges.  The  normal  case,  even  for  the 
ad,  is  that  the  cost  per  train-mile  and  the  ratio  of  operat- 
enses  to  earnings  will  agree  fairly  well  with  the  average, 
en  there  is  a  marked  difference  it  is  generally  due  to 
^normal  conditions  of  expenses  or  of  earning  capacity. 
Reasons  for  uniformity  in  expenses  per  train-mile. 
ief  reason  is  that,  although  on  the  heavy-traffic  road 
ing  is  kept  up  on  a  finer  scale,  better  roadbed,  heavier 
etter  rolling  stock,  more  employees,  be\„\.et  \>\\^^vcv^^, 
\,  and  terminah,  etc.,  yet  the  numbex  oi  Vtsivci":** \^  "a*^  ^xcn^r^ 
'hat  the  divisor  is  just  enough  largex  \.o  rcis^^^Xx^  ^Nex^^^?^ 
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cost  about  constant.  This  is  but  a  general  statement  of  a  fact 
which  will  be  discussed  in  detail  under  the  different  items  of 
expense. 

382.  Detailed  classification  of  expenses  with  ratios  to  the 
total  expense.  The  Interstate  Commerce  Commission  now 
p\iblishes  each  year  a  classification  with  detailed  summation 
for  the  cost  of  each  item.  These  summations  are  made  up 
from  reports  furnished  by  railroads  which  have  (in  the  reports 
already  made)  represented  about  94%  of  the  total  traffic  han- 
dled. In  the  annexed  tabular  form  (Table  XX)  are  shown  the 
percentages  which  each  item  bears  to  the  total.  The  character  of 
the  changes  from  year  to  year  in  these  ratios  is  very  instructive 
and  will  be  considered  in  the  detailed  discussion  of  the  items 
which  will  follow. 

Table  XX  is  copied  from  the  Interstate  Commerce  Commis- 
sion report  for  1899,  pp.  88-90. 

383.  Elements  of  the  cost  (with  variations  and  tendencies) 
of  the  various  items.  The  I.  C.  C.  report  for  the  year  ending 
June  30,  1895,  was  the  first  to  include  the  distribution  of  ex- 
penses according  to  the  present  classification.  The  number  of 
reports  since  then  are  too  few  to  be  of  much  value  in  determining 
the  tendency  to  variation  of  the  several  items,  and  similar 
calculations  made  in  previous  years  have  by  no  means*  an  equal 
reliability.  Nevertheless  the  items  as  given  are  reliable  and 
may  be  utilized,  as  far  as  any  such  computations  are  to  be 
depended  on,  in  estimating  future  expenses.  A  great  deal  of 
very  interesting  and  instructive  information  may  be  derived 
from  a  study  of  the  variations  of  these  items,  but  the  chief 
purpose  of  this  discussion  is  to  point  out  those  elements  of 
the  cost  of  operating  trains  which  may  be  affected  by  such 
changes  of  location  as  an  engineer  is  able  to  make.  There  are 
some  items  of  expense  with  which  the  engineer  has  not  the 
slightest  concern — nor  will  they  be  altered  by  any  change  in 
alignment  or  constructive  detail  which  he  may  make.  In  the 
following  discussion  such  items  will  be  passed  over  with  a  brief 
discussion  of  the  sub-items  included. 


MAINTENANCE    OF   WAY. 

S84.  Item  I.    Repairs  of  Roadway.    The  item  of  repairs 
of  roadway  is  very  large — about  half  of  the  total  cost  of  nuun- 
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cost  about  constant.  This  is  but  a  general  statement  of  a  fact 
which  will  be  discussed  in  detail  under  the  different  items  of 
expense. 

382.  Detailed  classification  of  expenses  with  ratios  to  the 
total  expense.  The  Interstate  Commerce  Commission  now 
publishes  each  year  a  classification  with  detailed  summation 
for  the  cost  of  each  item.  These  summations  are  made  up 
from  reports  furnished  by  railroads  which  have  (in  the  reports 
already  made)  represented  about  94%  of  the  total  traffic  han- 
dled. In  the  annexed  tabular  form  (Table  XX)  are  shown  the 
percentages  which  each  item  bears  to  the  total.  The  character  of 
the  changes  from  year  to  year  in  these  ratios  is  very  instructive 
and  will  be  considered  in  the  detailed  discussion  of  the  items 
which  will  follow. 

Table  XX  is  copied  from  the  Interstate  Commerce  Commis- 
sion report  for  1899,  pp.  88-90. 

383.  Elements  of  the  cost  (with  variations  and  tendencies) 
of  the  various  items.  The  I.  C.  C.  report  for  the  year  ending 
June  30,  1895,  was  the  first  to  include  the  distribution  of  ex- 
penses according  to  the  present  classification.  The  number  of 
reports  since  then  are  too  few  to  be  of  much  value  in  determining 
the  tendency  to  variation  of  the  several  items,  and  similar 
calculations  made  in  previous  years  have  by  no  means' an  equal 
reliability.  Nevertheless  the  items  as  given  are  reliable  and 
may  be  utilized,  as  far  as  any  such  computations  are  to  be 
depended  on,  in  estimating  future  expenses.  A  great  deal  of 
very  interesting  and  instructive  information  may  be  derived 
from  a  study  of  the  variations  of  these  items,  but  the  chief 
purpose  of  this  discussion  is  to  point  out  those  elements  of 
the  cost  of  operating  trains  which  may  be  affected  by  such 
changes  of  location  as  an  engineer  is  able  to  make.  There  are 
some  items  of  expense  with  which  the  engineer  has  not  the 
slightest  concern — nor  will  they  be  altered  by  any  change  in 
alignment  or  constructive  detail  which  he  may  make.  In  the 
following  discussion  such  items  will  be  passed  over  with  a  brief 
discussion  of  the  sub-items  included. 


MAINTENANCE    OP   WAY. 

SS4,  Item  I.     Repairs  of  llOkI>^feX.    TVv^  W^^ov  ^^  repairs 
of  roadway  is  very  large — about  \\a\l  ol  \)ftft  \.Q>^«^  ^^3fifc»  ^V  xow*'- 
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tenance  of  way  and  structures.  It  includes  the  cost  of  frogs, 
switches,  switch-stands,  and  interlocking  signals.  The  dis« 
tribution  and  laying  of  ties  and  rails,  ballasting  and  tamping 
track,  ditching,  weeding,  widening  and  protecting  banks,  the 
maintenance  of  snow-fences,  dikes,  and  retaining  walls,  are  also 
included.  In  short,  any  expense  of  maintaining  the  roadbed 
in  condition  which  cannot  be  definitely  assigned  to  one  of  the 
next  few  items  will  generally  belong  to  this  item — except  per- 
haps those  of  item  10  (q.v.).  The  larger  part  of  such  items  of 
expense  is  labor,  and  the  variations  will  largely  depend  on  the 
fluctuations  in  the  wages  of  trackmen.  Formerly  these  were 
much  higher  than  now.  About  fifteen  years  ago  they  had 
dropped  to  what  Wellington  considered  to  be  a  permanent 
average  of  $1.25  per  day.  In  1893  it  had  dropped  to  $1.22, 
•  then  in  1897  and  1898  to  $1.16.     In  1899  it  was  raised  to  $1.18. 

In  1899  the  average  cost  of  this  item  per  mile  of  main  track 
was  about  $480,  but  this  figure,  after  all,  is  of  but  little  value 
because,  for  the  reason  already  given  in  general  in  §381,  it  will  be 
found  that  the  cost  for  any  road  varies  almost  exactly  as  the 
train-mileage  and  will  average  very  closely  to  lie.  per  train- 
mile,  whether  the  traffic  be  heavy  or  light. 

385.  Item  2.  Renewal  of  Rails*  This  item  may  be  con- 
sidered as  having  been  withdrawn  from  the  previous  item 
simply  because  it  is  one  of  the  largest  of  the  single  items  and 
because  its  cost  is  very  readily  determined.  It  includes  the 
cost  of  the  rails,  their  inspection,  and  their  delivery  (but  not 
their  distribution).  The  item  shows  a  largo  percentage  of  vari- 
ation, the  figures  (percentage  of  total  expenses)  being  1.322, 
1.391,  1.546,  1.444,  and  1.499  by  the  last  five  reports.  The 
drop  from  1.546  in  1897  to  1.391  in  1898  was  just  10%.  These 
fluctuations  are  due  first  to  that  considerable  fluctuation  in  the 
price  of  rails  which  railroads  can  hardly  expect  to  escape,  and 
secondly  to  variations  in  the  standard  of  maintenance  caused 
first  by  hard  times,  which  are  then  followed  by  unusual  expen- 
ditures in  good  times,  or  by  the  expenditures  absolutely  essen- 
tial to  restore  the  track  to  its  former  condition.  The  item 
includes  all  rails  wherever  used,  whether  on  main  track,  siding, 
repair  track,  gravel  track,  on  wharves  or  coal-docks,  and  even 
includes  guard-rails.  B\it  it  does  not  include  any  rail  ft.tVaR>NKv^\>^a. 
such  as  joints,  fro^.s,  switches,  etc.  The  rale  o^  tw\  v;^^^  wxv^«Bt 
various  conditions  has  already  been  discussed  m  Oawg^^^  \5^« 
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386.  Item  3.  Renewal  of  Ties.  As  with  the  previous 
item,  this  item  is  simply  a  detachment  from  the  general  item, 
repairs  of  roadway.  As  with  rails,  the  cost  of  laying  and  dis- 
tributing the  ties  is  not  included,  but  the  cost  of  tie-plates  and 
tie-plugs,  also  chemical  treatment  for  preservation,  if  such  is 
used,  is  included  in  this  item.  While  the  cost  will  vary  con- 
siderably between  different  roads  on  account  of  first  cost,  kind 
of  wood,  climate,  etc.,  the  item  for  any  one  road  for  a  period  of 
years  cannot  vary  greatly,  unless  there  is  a  marked  change  in 
the  standard  of  maintenance.  The  actual  cost  of  such  work 
has  already  been  discussed  in  Chapter  VIII. 

387.  Item  4.  Repairs  and  Renewals  of  Bridges  and 
Culverts.  This  item  includes  not  only  the  maintenance  cost 
of  all  bridges,  trestles,  viaducts,  and  culverts,  but  of  all  piers, 
abutments,  riprapping,  etc.,  necessary  to  maintain  them,  and 
even  the  cost  of  operating  drawbridges.  The  locating  engi- 
neer is  not  concerned  with  this  item,  except  as  he  may  con- 
sider that  some  distance  which  is  to  be  added  (or  cut  out)  has 
the  average  number  of  culverts  and  bridges.  With  culverts 
and  small  bridges  there  would  be  little  or  no  error  in  such  an 
assumption,  but  if  there  were  any  large  bridges  on  the  portion 
of  track  under  discussion,  they  would  need  special  consideration. 

388.  Items  5  to  10.  Repairs  and  Renewals  of  Fences, 
Road  Crossings,  and  Cattle-guards — Of  Buildings  and 
Fixtures — Of  Docks  and  wharves — Of  Telegraph  Plant; 
Stationery  and  Printing;  and  "  Other  Expenses."  Th^ 
items  in  the  aggregate  amount  to  but  3%  of  the  average  cost 
per  train-mile.  The  fluctuations  have  so  small  an  effect  on  the 
average  cost  per  train-mile  that  they  may  be  neglected.  In  • 
item  5  are  included  not  only  those  things  which  are  specifically 
mentioned,  but  also  those  structures  which  in  general  axe  not 
directly  affected  by  the  running  of  trains.  For  example,  "  road 
crossings"  include  not  only  the  maintenance  of  highway  cross- 
ings at  grade,  but  also  overhead  highway  crossings  and  what- 
ever a  railroad  may  have  to  pay  for  the  maintenance  of  a  bridge 
by  which  another  railroad  crosses  it.  On  the  other  hand,  the 
maintenance  of  a  bridge  by  which  a  railroad  crosses  another 
road  (highway  or  railroad)  is  charged  to  bridges.     The  effect 

(if  any)  oi  these  items  on  any  changer?  in  construction  which 
an  engineer  may  make  wiW  be  speei^caW^  4\s>^Mased  in  the  suo- 
ceeding  chapters. 
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MAINTENANCE    OF   EQIHPMENT. 

389.  Item  II.  Superintendence*  This  item  includes  those 
fixed  charges  in  superintendence  which  do  not  fluctuate  with 
small  variations  in  business  done.  It  includes  the  salaries 
of  superintendent  of  motive  power,  master  mechanic,  master 
car-builder,  foremen,  etc.,  but  does  not  include  that  of  road 
foremen  of  engines  nor  enginemen.  In  a  general  way  the  item 
is  proportional  to  the  general  scale  of  business  of  the  road,  but 
does  not  fluctuate  with  it. 

390.  Item  12.  Repairs  and  Renewals  of  LocoMOTivESi 
This  item  must  be  studied  by  the  locating  engineer  in  order  to 
determine  the  effect  on  locomotive  repairs  and  renewals  of  an  ad- 
dition to  distance  (considered  in  Chapter  XXI),  the  effect  (chiefly 
in  wheel  wear)  of  a  reduction  in  curvature  (considered  in  Chap- 
ter XXII),  or  the  effect  of  grade  (considered  in  Chapter  XXIII). 
In  studying  the  effect  of  grade,  the  policy  of  adopting  heavier 
locomotives  and  the  effect  of  this  on  this  item  must  also  be 
considered.  This  item  includes  the  expenses  of  work  whose 
effect  is  supposed  "lo  last  for  an  indefinite  period.  It  does  not 
include  the  expense  of  cleaning  out  boilers,  packing  cylinders, 
etc.,  which  occurs  regularly  and  which  is  charged  to  item  21, 
round-house  men.  It  does  include  all  current  repairs,  general 
overhauling,  and  even  the  replacement  of  old  and  worn-out 
locomotives  by  new  ones  to  the  extent  of  keeping  up  the  original 
standard  and  number.  Of  course  additions  beyond  this  must 
be  considered  as  so  much  increase  in  the  original  capital  invest- 
ment. As  a  locomotive  becomes  older  the  anmuil  repair  charge 
becomes  a  larger  percentage  on  the  first  cost,  and  it  may  be- 
come as  much  as  one  fourth  and  even  one  third  of  the  first  cost. 
When  a  locomotive  is  in  this  condition  it  is  usually  consigned  to 
the  scrap-pile;  the  annual  cost  for  maintenance  becomes  too 
large  an  item  for  its  annual  mileage.  The  effect  on  expenses 
of  increasing  the  weight  of  engines  is  too  complicated  a  prob- 
lem to  admit  of  precise  solution,  but  certain  elements  of  it  may 
be  readily  computed.  While  the  cost  of  repairs  is  greater  for 
the  heavier  engines,  the  increase  is  only  about  one  half  'as.  ^"5s&\, 
as  the  increase  in  weight — some  of  iVie  awb-W-^xxv^  \:wo\.  \»vi\si% 
increased  at  all. 
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391.  Items  13,  14,  15.  Repairs  and  Renewals  of  Pas- 
senger Cars,  of  Freight  Cars,  and  of  Work  Cars*    As 

with  engine  repairs,  the  item  excludes  consumable  supplies  (oil, 
waste,  illuminating  oil  or  gas,  ice,  etc.),  but  includes  in  general 
all  items  necessary  to  maintain  the  cars  up  to  the  full  standard 
of  condition  and  number,  and  even  to  replace  old  worn-out 
cars  by  new.  When,  as  is  frequently  the  case  with  both  cars 
and  locomotives,  the  new  rolling  stock  is  larger,  better,  and  of  a 
higher  standard  than  that  which  is  replaced,  the  difference  in 
cost  should  be  added  to  capital  investment.  The  chief  con- 
cern of  the  locating  engineer  regarding  this  item  is  the  effect 
on  car  repairs  of  additional  distance,  of  variations  in  curva- 
ture (affecting  wheel  wear  chiefly),  and  of  grade  (affectipg  the 
draft-gear  and  general  >year  and  tear).  These  items  will  be 
considered  under  their  proper  heads  in  the  following  chaptere. 

392.  Items   16,    17,    18,   and   19.     REPAIRS  AND  RSNBWALS 

OF  Marine  Equipment— Of  Shop  Machinery  and  Tools; 
Stationery  and  Printing;  Other  Expenses.  The  location 
of  the  road  along  the  line  has  no  connection  with  the  main- 
tenance of  marine  equipment.  The  maintenance  of  shop 
machinery  and  tools  can  only  be  affected  as  the  work  of  repairs 
of  rolling  stock  fluctuates,  and  of  course  in  a  much  smaller 
ratio.  No  change  which  an  engineer  can  effect  will  have  any 
appreciable  influence  on  this  item. 

The  other  items  are  too  small  and  have  too  little  connection 
with  location  to  be  here  discussed  except  as  it  may  be  considered 
that  they  vary  with  train  mileage,  which  an  engineer  naay 
influence  (see  Chapter  XXIII,  Grades). 

CONDUCTING   TRANSPORTATION. 

393.  Item  20.  Superintendence.  As  with  item  11,  this 
item  is  not  su})ject  to  minor  fluctuations  in  business,  but  only 
varies  with  changes  in  the  general  scale  of  the  business  of  the 
road. 

394.  Item  21.  Engine  and  Round-house  Men.  This  item 
inrhulcs  the  wages  of  engineers,  firemen,  and  also  all  men  em- 
ployed around  the  engine vhousos  except  those  who  are  making 

such  repairs  as  should  bo  cluirwod  to  maintenance  of  equipment 

O'trm  12).     The  item  is  a  large  oi\e,\>\\V.\^oT\^  «.^^\ed  by  one 

cinss  of  change  of  location — a  d\tteTCtvc<i  V^ViT^giV^\aoft,  'ttR. 
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wages  of  the  round-house  men  constitute  but  a  small  percentage 
of  this  item,  and  the  wages  of  the  enginemen  vary  almost  directly 
as  the  mileage.  On  very  short  roads,  where  the  number  of 
round  trips  which  may  properly  constitute  a  day's  work  is 
definitely  limited  and  on  which  there  is  but  little  night  or  Sunday 
work,  the  wages  may  be  practically  by  the  day,  and  a  variation 
in  length  of  several  hundred  feet  or  even  a  few  miles  in  the 
length  of  the  road  may  make  practically  no  difference  in  the 
wages  paid.  But  on  the  larger  roads,  operated  by  divisions, 
on  which  (especially  in  freight  work)  there  is  no  distinction  of 
day  or  night,  week  daj^  or  Sunday,  the  varying  length  of  divisions 
is  equalized  by  calling  them  IJ  or  IJ  runs,  a  "run"  usually 
being  considered  as  about  100  miles.  The  enginemen  are  then 
paid  according  to  the  number  of  nms  made  per  month.  The 
effect  on  this  item  of  variations  in  distance  is  discussed  more 
fully  in  Chapter  XXT. 

395.  Item  22.  Fuel  for  Locomotives.  The  item  includes 
the  entire  cost  of  the  fuel  until  it  is  placed  in  the  engine-tender. 
The  cost  therefore  includes  not  only  the  first  cost  at  the  point 
of  delivery  to  the  road,  but  also  the  expense  of  hauling  it  over 
the  road  from  the  point  of  delivery  to  the  various  coaling  stations 
and  the  cost  of  operating  the  coal-pockets  from  which  it  is 
loaded  on  to  the  tenders.  Although  the  cost  is  fairly  regular 
for  any  one  road,  it  is  exceedingly  variable  for  different  roads. 
Roads  running  through  the  coal  regions  can  often  obtain  their 
coal  for  eighty  or  ninety  cents  per  ton.  Other  roads  far  re- 
moved from  the  coal-mines  have  been  compelled  to  pay  six  dollars 
per  ton.  In  the  three  succeeding  chapters  there  will  be  con- 
sidered in  detail  the  effect  on  fuel  consumption  of  variations 
in  location.  It  will  be  shoi^Ti  that  fuel  consumption  is  quite 
largely  independent  of  distance  and  the  number  of  cars  hauled. 

396.  Items  23,  24,  and  25.  WATER-SUPPLY ;  OIL,  TALLOW, 
AND  WASTE  ;  OTHER  SUPPLIES  FOR  LOCOMOTIVES:  The  cost  of 
the  water-supply  is  quite  largely  a  fixed  charge  except  where 
it  is  supplied  by  municipalities  at  meter  rates.  The  consump- 
tion of  all  these  supplies  will  vary  nearly  as  the  engine-mileage. 

397.  Item  26.     Train    Service.     This   item  is   one   of   the 
largest  single  items  and  includes  in  general  the  wages  of  all 
the   train-hands  except  the  enginemen.     As  with  eiv^\sK«v<ew, 
they  are  paid  according  to  the  numbeT  oi  rvxxv^.    ^V^  SJye^xs.  Ss» 
therefore  of  importance  to  the  locating  exv^m^eet  iT«a\  Vtv^  ^"^^^ 
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standpoint  of  distance,  and  even  then  only  when  the  variation 
in  distance  which  is  considered  will  affect  the  classification  of 
the  run  and  therefore  the  rate  of  pay  for  that  run. 

398.  Item  27.  Train  Supplies  and  Expenses.  These  in- 
clude the  large  list  of  consumable  supplies  such  as  lubricating 
oil,  illuminating  oil  or  gas,  ice,  fuel  for  heating,  cleaning  materials, 
etc.,  which  are  used  on  the  cars,  and  not  on  the  locomotives. 
The  consumption  of  some  of  these  articles  is  chiefly  a  matter 
of  time ; — in  other  cases  it  is  a  function  of  the  mileage. 

399.  Items  28,  29,  30,  and  31.     SWITCHMEN,  FLAGMEN,  AND 

Watchmen;  Telegraph  Expenses;  Station  Service;  and 
Station  Supplies.  These  items  will  be  proportional  to  the 
gcnsral  scale  of  business  of  the  road,  but  are  independent  of  small 
fluctuations  in  business.  The  main  items  are  obvious  from  the 
titles.  Many  sub-items,  which  are  very  small  or  are  of  occasional 
or  accidental  occurrence,  are  also  included  under  these  items  for 
lack  of  a  better  classification. 

400.  Items  32,  33,  and  34.  SWITCHING  CHARGES — BALANCE; 
Car  Mileage— Balance;  Hire  of  Equipment.  The  first  of 
these  is  a  charge  paid  by  a  road  to  other  corporations  for 
switching  done  for  the  road.  The  locating  engineer  is  not 
concerned  with  this  item. 

Car  Mileage.  This  is  a  charge  paid  by  a  road  for  the  use 
of  the  cars  (chiefly  freight  cars)  of  another  road.  To  save  the 
rehandling  of  freight  at  junctions  the  policy  of  nmning  freight 
cars  on  to  foreign  roads  is  very  extensively  adopted.  Since 
the  foreign  road  receives  (ultimately)  its  mileage  proportion 
of  the  freight  charge,  it  justly  pays  the  home  road  a  rate  which 
is  supposed  to  represent  the  value  of  the  use  of  a  freight  car 
for  so  many  miles.  The  foreign  road  then  loads  up  the  freight 
car  with  freight  consigned  to  some  point  on  the  home  road  and 
sends  it  back,  again  paying  mileage  for  the  distance  traveled 
on  the  foreign  road,  a  proportional  freight  charge  having  been 
received  for  that  service.  By  a  clearing-house  arrangement 
the  various  roads  settle  their  debit  and  credit  accounts  with 
each  other  by  the  payment  of  a  balance.  Such  is  the  simple 
theory.  In  practice  the  cars  are  not  sent  back  to  the  home 
road  at  once,  but  wander  off  according  to  the  local  demand. 
As  long  as  strict  account  is  kept  of  the  movements  of  every 
car  and  the  home  road  is  paid  a  charge  which  really  covers 
the  value  of  such  service,  no  harm  is  done  the  home  road  exceteik 
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that  sometimes,  when  business  has  suddenly  increased,  the 
home  road  cannot  get  enough  cars  to  handle  its  business.  The 
value  of  a  car  is  then  abnormally  above  its  ordinary  value 
and  the  home  road  suffers  for  lack  of  the  rolling  stock  which 
belongs  to  it.  The  charge  being  paid  according  to  mileage, 
any  variations  of  distance  have  a  direct  bearing  on  this  item. 

Hire  of  Equipment.  This  may  refer  to  locomotives  or  cars 
which  are  hired  for  a  special  service,  or,  on  very  poor  roads, 
it  may  refer  to  equipment,  which  is  hired  rather  than  purchased. 
The  locating  engineer  has  no  concern  with  this  item. 

401.  Items   35,   36,   and  37.     LOSS  AND  DAMAGE;    INJURIES 

TO  Persons;  Clearing  Wrecks.  These  expenses  are  fortuitous 
and  bear  no  absolute  relation  to  road-mileage  or  train-mileage. 
While  they  depend  largely  on  the  standards  of  discipline  on 
the  road,  even  the  best  of  roads  have  to  pay  some  small  pro- 
portion of  their  earnings  to  these  items*  The  possible  relation 
between  curvature  and  accidents  is  discussed  in  Chapter  XXII, 
but  otherwise  the  locating  engineer  has  no  concern  with  these 
items. 

402.  Items  38  to  53.  All  of  the  remaining  items  (for  a  list 
of  which  see  §  382)  are  of  no  concern  to  the  locating  engineer. 
They  are  either  general  expenses  (such  as  taxes)  or  are  special 
items  (such  as  the  operation  of  marine  equipment)  which  will 
not  be  changed  by  variations  in  distance,  curvature,  or  grades 
which  a  locating  engineer  may  make.  They  will  not  therefore 
be  further  discussed. 


CHAPTER  XXL 

DISTANCE. 

403.  Relation  of  distance    to   rates   and   expenses.     Rates 

are  usually  based  on  distance  traveled,  on  the  apparent 
hypotheses  that  each  additional  mile  of  distance  adds  its  pro- 
portional amount  not  only  to  the  service  rendered  but  also  to 
the  expense  of  rendering  it.  Neither  hypothesis  is  true.  The 
value  of  the  service  of  transporting  a  passenger  or  a  ton  of 
freight  from  A  to  i^  is  a  more  or  less  uncertain  gross  amount 
depending  on  the  necessities  of  the  case  and  independent  of 
the  exact  distance.  Except  for  that  very  small  part  of  passen- 
ger traffic  which  is  undertaken  for  the  mere  pleasure  of  traveling, 
the  general  object  to  be  attained  in  either  passenger  or  freight 
traffic  is  the  transportation  from  A  to  B,  however  it  is  attained. 
A  mile  greater  distance  does  not  improve  the  ser^nce  rendered; 
in  fact,  it  consumes  valuable  time  of  the  passengers  and  perhaps 
deteriorates  the  freight.  From  the  standpoint  of  service  ren- 
dered, the  railroad  which  adopts  a  more  costly  construction  and 
therciby  saves  a  mile  or  more  in  the  route  between  two  places 
is  thereby  fairly  entitled  to  additional  compensation  rather 
than  have  it  cut  down  as  it  would  be  by  a  strict  mileage  rat^. 
The  actual  value  of  the  service  rendered  may  therefore  vary 
from  an  insignificant  amount  which  is  less  than  any  reasonable 
charge  (which  therefore  discourages  such  traffic)  and  its  value 
in  cases  of  necessity — a  value  which  can  hardly  be  measured  in 
money.  If  the  passenger  charge  between  New  York  and  Phila- 
delphia were  raised  to  $5,  $10,  or  even  $20,  there  would  still  be 
some  passengers  who  would  pay  it  and  go,  because  to  them 
it  would  be  worth  $5,  $10,  or  $20,  or  even  more.  Therefore, 
when  they  pay  $2.50  they  are  not  paying  what  the  service  is 
worth  to  them.  The  service  rendered  cannot  therefore  be 
made  a  i/ieasure  of  the  charge,  nor  is  the  service  rendered  pro- 
portkmul  to  the  miles  of  d\stiVT\ee. 
2I1C  idea  that  the  cost  ot  trai\s\^oTV^VvoYL  \s  ^xa^T\:\aMsSL\ft 


\ 


§  404.  DISTANCE.  433 

the  distance  is  much  more  prevalent  and  is  in  some  respects 
more  justifiable,  but  it  is  still  far  from  true.  This  is  especially 
true  of  passenger  service.  The  cost  of  transporting  a  single 
passenger  is  but  little  more  than  the  cost  of  printing  his  ticket. 
Once  aboard  the  train,  it  makes  but  little  difference  to  the 
railroad  whether  he  travels  one  mile  or  a  hundred.  Of  course 
there  are  certain  very  large  expenses  due  to  the  passenger 
traffic  which  must  be  paid  for  by  a  tariff  which  is  rightfully 
demanded,  but  such  expenses  have  no  relation  to  the  cost  of  an 
additional  mile  or  so  of  distance  inserted  between  stations. 
The  same  is  true  to  a  slightly  less  degree  of  the  freight  traffic. 
As  shown  later,  the  items  of  expense  in  the  total  cost  of  a  train- 
mile,  which  are  directly  affected  by  a  small  increase  in  distance, 
are  but  a  small  proportion  of  the  total  cost. 

404.  The  conditions  other  than  distance  that  affect  the  cost; 
reasons  why  rates  are  usually  based  on  distance.  Curvature 
and  minor  grades  have  a  considerable*  influence  on  the  cost  of 
transportation,  as  will  be  shown  in  detail  in  the  next  two  chap- 
ters, but  they  are  never  considered  in  making  rates.  Ruling 
grades  have  a  very  large  influence  on  the  cost,  but  they  are  like- 
wise disregarded  in  making  rates.  An  accurate  measure  of 
the  effect  of  these  elements  is  difficult  and  comphcated  and 
would  not  be  appreciated  by  the  general  public.  Mere  dis- 
tance is  easily  calculated;  the  public  is  satisfied  with  such 
a  method  of  calculation;  and  the  railroads  therefore  adopt  a 
tariff  which  pays  expenses  and  profits  even  though  the  charges 
are  not  in  accordance  with  the  expenses  or  the  service  rendered. 

An  addition  to  the  length  of  the  line  may  (and  generally  does) 
involve  curvature  and  grade  as  well  as  added  distance.  In 
this  chapter  is  considered  merely  the  effect  of  the  added  dis- 
tance. The  effect  of  grade  and  curvature  must  be  considered 
separately,  according  to  the  methods  outlined  in  succeeding 
chapters.  The  additional  length  considered  is  likewise  assumed 
not  to  affect  the  business  done  nor  the  number  of  stations,  but 
that  it  is  a  mere  addition  to  length  of  track. 


EFFECT   OP   DISTANCE   ON   OPERATING   EXPENSES. 

405.  Effect  of  slight  changes  in  distance  on  mavivt'wyMCiR.'fe  <2S> 
way.     With  a  few  unimportant   excepWowa   oX\.  V\v<i  W^xcv^  ^'v 
expense  under  maintenance  of  way  and  sVTv\c\,\rc^'a»  <v^^^  \  'SKv\ 
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will  be  increased  directly  as  any  increase  in  distance.  This 
must  certainly  be  true  for  items  1,  2,  3,  and  5,  which  alone 
comprise  about  three  fourths  of  the  total  expense  for  mainte- 
nance of  way.  If  we  assume  that  the  proposed  change  of  length 
involves  no  difference  in  the  number  of  bridges,  culverts,  build- 
inss,  and  fixtures,  docks  and  wharves,  we  may  consider  items 
4,  6,  and  7  to  be  unaffected.  This  will  generally  be  true  for 
small  changes  in  length,  measured  in  feet.  For  larger  differ- 
ences, measured  in  miles,  items  4  and  6  will  vary  nearly  as  the 
distance.  The  same  may  be  said  of  items  9  and  10.  The  cost 
of  maintaining  the  telegraph  line  will  probably  be  increased 
about  60%  of  the  unit  cost.  The  effect  of  changes  in  distance 
on  these  various  items  of  maintenance  of  way  (as  well  as  the 
other  items  of  expense  of  a  train-mile)  will  be  tabulated  in  §  408. 

406.  Effect  on  maintenance  of  equipment.  The  relation 
between  an  increase  in  Ic^ngth  of  line  and  the  expenses  of  items 
11,  15,  17,  18,  and  19  are  quite  indefinite.  In  some  respects 
they  would  be  unaffected  by  slight  changes  of  distance.  From 
other  points  of  view  there  is  no  reason  why  the  expenses  should 
not  be  considered  proportionate  to  the  distance.  For  exam- 
ple, the  added  track  will  probably  require  as  much  work  from 
the  construction  train  as  any  other  part  of  the  road  and  is 
therefore  responsible  for  as  much  of  the  "repairs  and  renewals 
of  work-cars" — item  15.  Fortunately  all  of  these  items  are  so 
small,  even  in  the  aggregate,  that  little  error  will  be  involved 
by  either  decision.  It  will  therefore  be  assumed  that  these 
items  are  affected  100%  for  large  additions  in  distance  and  but 
50%  for  sniiill  additions. 

Item  16  is  evidently  unaffected. 

Item  12.  Locomotives  deteriorate  (1)  with  age;  (2)  b)' 
expansion  and  contraction,  especially  of  the  fire-boxes,  when 
fires  are  drawn  and  relighted;  (3)  on  account  of  the  strains  due 
to  stopping  and  starting;  (4)  the  strains  and  wear  of  wheels  due 
to  curved  track;  (5)  Ihe  additional  stresses  due  to  grade  and 
change  of  grade;  and  (6)  on  account  of  the  work  of  pulling 
on  a  straight  level  track.  Observe  that  the  first  five  causes 
have  no  direct  relation  to  an  addition  of  mere  distance  (the 
possible  curvature  or  grade  incident  to  the  additional  distance 
beinff  a  .separate  matter).  How  much  of  the  total  deteriora- 
t/on  is  duo  to  the  last  cause?  %\iA\mv;\o\\  'a.Uv\ff,ks  this  problem 
as  follows:    the  records  of  engvive-Tcpait  ^o^^  T«a^>3  ^Nma^      I 
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the  proportionate  cost  of  the  repairs  of  boiler,  running-gear, 
etc.  An  estimate  is  then  made  of  the  effect  of  each  cause  on 
each  item.  For  example,  the  boiler  is  responsible  for  20%  of 
the  repairs  and  renewals.  Qf  this  7%  (say  one  third)  is  assigned 
to  "terminal  ser\ace,  getting  up  steam,  making  up  trains," 
4%  to  curvature  and  grades,  2%  to  "stopping  and  starting 
at  way  stations,"  and  the  other  7%  to  "distance  on  tangent 
between  stations."  The  other  items  are  treated  similarly. 
Wellington  says,  "As  this  [subdivision  of  expenses]  has  been 
done  ^'ith  great  care  to  get  the  best  attainable  authority  for 
each  (which  it  would  occupy  too  much  space  to  give  in  detail), 
the  margin  for  possible  error  is  not  great  enough  to  be  of  mo- 
ment, although  no  absolute  exactness  can  be  claimed  for  it." 
His  final  estimate  is  that  distance  is  responsible  for  42%  of 
the  total  cost  of  repairs  and  renewals.  This  value  will  there- 
fore be  used  for  all  additional  distances,  great  or  small. 

Items  13  and  14.  The  causes  of  deterioration  of  both  passenger 
and  freight  cars  may  be  classified  exactly  as  above — omitting 
merely  cause  2 — the  expansion  and  contraction  due  to  firing. 
Considering  that  a  large  part  of  the  repairs  of  freight  cars  is 
due  to  the  draft-gear  and  brakes,  which  are  affected  chiefly 
by  the  heavy  strains  due  to  stopping  and  starting  and  to  grades, 
while  the  repairs  of  wheels  are  largely  due  to  the  wear  of  wheels 
on  curves,  it  is  not  surprising  that  he  allows  only  36%  of  the 
cost  of  repairs  and  renewals  of  freight  cars  to  be  due  to  straight 
distance.  He  made  no  direct  estimate  for  passenger-cars,  but 
points  out  the  fact  that  the  maintenance  of  the  seats,  furniture, 
and  ornamentation  make  up  much  more  than  half  the  cost 
of  passenger-car  repairs.  A  large  part  of  such  deterioration 
is  due  to  age  and  the  weather,  although  that  of  the  seats  is 
largely  a  function  of  passenger  wear  and  therefore  of  distance 
traveled.  Although  the  items  of  deterioration  in  passenger 
cars  is  very  different  from  those  of  freight  cars,  yet  if  a  similar 
calculation  is  made  for  passenger  cars  it  will  be  found  that  the 
final  figure  is  substantially  the  same  as  for  freight  cars  and  will 
here  be  so  regarded. 

407.  Effect  on  conducting  transportation.  Item  20.  This  is 
evidently  unaffected  by  small  or  even  considerable  additions 
to  distance. 

Item  21.     Theoretically,  train,  w^ages  s\\ovj\d  noc^^^  ?c5>  xwN^'^^'^  • 
On  the  larger  roads,   where,  especiaWy  m  \.\ve;  i^ev^X.  ^^^^^sl^-* 
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there  is  little  or  no  distinction  of  day  or  night,  week-day  or  Sun- 
day, it  is  practicaUy  impossible  to  hire  the  trainmen  to  work 
between  certain  definite  hours  of  the  day  and  pay  them  accord- 
ingly, as  is  done  with  factory  employees.  As  explained  in  Chap- 
ter XX,  §  394,  the  system  usually  adopted  of  j>aying  trainmen  is 
such  that  small  changes  of  distance  (measured  in  feet)  would 
not  affect  train  wages.  The  wages  of  round-house  men  would 
not  be  affected  under  any  conditions,  and  those  of  the  enginemen 
and  of  the  trainmen  (item  26)  would  not  generally  be  affected 
unless  the  change  of  distance  is  very  great — perhaps  ten  miles. 
Since  items  21  and  26  are  both  very  large,  it  will  not  do  to 
ignore  this  item  or  to  average  it.  The  pay  of  round^iouse  men 
is  about  7%  of  item  21.  We  may  therefore  say  that  if  the 
change  in  distance  is  so  great  that  trains  wages  will  be  affected, 
item  21  will  be  affected  93%  and  item  26  will  be  affected  100%. 
For  shorter  changes  of  distance  they  will  be  unaffected. 

Item  22.  A  surprisingly  large  percentage  of  the  fuel  con- 
sumed is  not  utilized  in  drawing  a  train  along  the  road.  Part 
of  this  loss  is  due  to  firing  up,  part  is  wasted  when  the  engine 
is  standing  still,  which  is  a  large  part  of  the  total  time.  The 
policy  of  banking  fires  instead  of  drawing  them  reduces  the 
injury  resulting  from  great  fluctuations  in  temperature,  but 
the  total  coal  consumed  is  about  the  same  and  we  may  there- 
fore consider  that  almost  a  fireboxful  of  coal  is  wasted  whether 
the  fires  are  banked  or  drawn.  The  amount  thus  wasted  (or  at 
least  not  utilized  in  direct  hauling)  has  been  estimated  at  5  to 
10%  of  tlie  loJwJe  consumption.  Experiments*  have  shown  that 
an  engine  standing  idle  in  a  yard,  protected  from  wind,  well 
jacketed,  etc.,  will  require  from  25  to  32  lbs.  of  coal  per  hour 
simply  to  keep  up  steam.  It  has  been  found  that  the  fastest 
express  trains  will  lose  one  fourth  of  their  total  time  between 
termini  in  stops,  and  freight  trains  on  a  single-track  road  will 
generally  spend  four  hours  per  day  on  sidings.  The  waste  of 
coal  from  this  cause  is  estimated  at  3  to  6%  of  the  total  con- 
sumption. The  energy  consumed  in  stopping  and  starting  is 
very  great.  A  train  running  30  miles  per  hour  has  enough 
kinetic;  energy  to  move  it  on  a  level  straight  track  more  than 
two  miles.  Every  time  a  train  nmning  at  30  miles  per  hour 
js  stopped,  enough  energy  is  consumed  by  the  brakes  to  run 

*  Wellington ,  Econoimc  TY^eors , p. ^1 , 
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it  from  one  to  two  miles.  When  starting,  it  will  require  an 
equal  amount  of  work  to  restore  that  velocity,  in  addition  to 
the  ordinary  resistances.  It  has  been  shown  that  on  the  Man- 
hattan Elevated  Railroad,  where  stops  will  average  every  three 
eighths  of  a  mile,  this  cause  alone  w^U  account  for  the  consump- 
tion of  nearly  three  fourths  of  the  fuel.  Of  course  on  ordinary 
railroads  the  proportion  is  not  nearly  so  great,  but  it  is  probably 
as  much  as  10  to  20%  as  an  average  figure.  For  a  through 
express  train  making  but  few  stops  the  figure  would  be  small, 
except  for  the  effect  of  "slow-downs."  For  suburban  trains 
the  proportion  would  be  abnormally  high.  The  fuel  required 
to  overcome  the  added  resistances  due  to  curvature  and  grade 
are  of  course  exceedingly  variable,  depending  on  the  particular 
alignment  of  the  road  considered.  An  approach  to  the  truth 
may  be  made  by  considering  the  average  curvature  per  mile 
for  the  roads  of  the  United  States  and  the  average  grades, 
and  computing,  by  the  methods  given  in  subsequent  chapters, 
the  extra  fuel  consumed  on  account  of  such  average  conditions, 
and  these  items  will  apparently  be  responsible  for  3%  due  to 
curvature  and  about  15%  due  to  grades.  Summarizing  the 
above  we  liave: 

Firing 5  to  10% 

Wasted  while  still S"  6% 

Stopping  and  starting 10  ''  20% 

Average  curvature 3  *'  3% 

Average  grade 15  * '  15% 

36         54 
Direct  hauling 64  *  *     46       Average,  55% 

100       100 

This  shows  that  the  addition  of  mere  straight  level  distance 
would  not  increase  the  consumption  of  fuel  more  than  55%  of 
the  average  consumption  per  mile. 

Items  23,  24,  and  25.  If  water  is  paid  for  by  meter,  the  cost 
is  strictly  according  to  consumption,  which  would  vary  almost 
according  to  the  number  of  engine-miles.  When  supplied 
from  the  company's  own  plant,  as  is  usually  the  case,  a  slight 
increase  will  not  appreciably  affect  the  cost.  NotV\\w«,\'5>^'a^\.^^ 
during  Bring  or  while  the  engine  is  stiW.  T\i'&  \vs>^  \^  >iXNss^<5k«^^ 
more  nearly  as  the  mileage,  and  the  cost  ioT  aci  «L^^\^rv3v>L^  ^cceNa 
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may  be  considered  as  50%  of  its  average  cost  per  train-mile. 
Items  24  and  25  will  be  considered  similarly.  Fortunately 
those  items,  whose  variation  with  additional  distance  is  some- 
what obscure  and  variable,  only  aggregate  a  little  over  1%  of 
the  cost  of  a  train-mile  and  therefore  a  considerable  percentage 
of  error  is  of  little  or  no  importance. 

Item  26.     (See  comments  on  item  21.) 

Item  27.  This  item,  as  well  as  many  other  small  items  that 
follow,  will  be  irregularly  affected  by  a  small  increase  in  distance. 
It  would  appear  equally  wrong  to  say  that  they  would  be  un- 
affected or  to  say  that  they  will  vary  directly  as  the  mileage. 
50%  will  be  allowed. 

Item  28.  The  necessity  for  flagmen  and  watchmen  varies 
in  gen(}ral  fis  the  mileage.  An  addition  in  distance  is  less  apt 
to  increase  the  number  of  switchmen.  50%  of  this  item  will 
be  added. 

Item  29.  Telegraph  expenses  include  the  wages  of  op)erators 
(unaffected),  and  the  special  expenses  due  to  offices  and  tele- 
graph stations  and  to  operating  the  line — the  maintenance  of 
the  line  being  charged  to  item  8.  This  item  will  be  but  little 
affected,  if  at  all,  by  additional  distance,  but  20%  will  be  allowed. 
Items  30,  31,  32,  and  34  are  unaffected.  Items  33,  35,  36,  and 
37  are  affected  100%.     Items  38  to  46  are  unaffected. 

The   "general  expenses"  (items  46  to  53)  will  be  unaffected. 

408.  Estimate  of  total  effect  on  expenses  of  small  changes 
in  distance  (measured  in  feet) ;  estimate  for  distances  measured 
in  miles.  According  to  the  accompanying  compilation  the  cost 
of  operating  additional  distance  will  be  about  35%  of  the 
average  cost  per  train-mile  when  the  additional  distance  is  small, 
but  will  be  a})()ut  5()%  if  the  additional  distance  is  several  miles. 
The  figures  nuiy  also  bo  considered  as  the  saving  in  the  oper- 
ating expenses  resulting  from  a  shortening  of  the  line. 

The  average  cost  of  a  train-mile  during  the  years  from  1890  to 
1899  varied  from  91.8c.  to  98.4c.,  with  an  average  value  of  95.2c. 
On  this  basis  the  above  figures  become  33.2  and  53.3  cents  per 
train-mile  respectively.  Some  trains  run  365  days  per  year, 
others  but  313.  The  tendency  is  toward  the  larger  figure  and 
it  will  therefore  be  used  in  these  calculations.  The  added  cost 
per  daily  train  per  year  for  each  foot  of  distance  is 

33.2x3fi5x2 
5280 
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When  the  distance  is  measured  by  miles  the  added  cost  per 
daily  train  per  year  for  each  mile  of  distance  is: 

53.3X365X2=$389. 

Table  xxi. — Effect    on    operating    expenses    op    great 
(and  small)  changes  in  distance. 
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Light-traffic  roads  are  more  apt  to  run  their  trains  on  week 
days  only,  and  a  corresponding  reduction  should  be  made  in 
these  cases. 

Regarding  the  accuracy  of  the  above  corcvp\itaXKatv^,\\.  ^tvw^^ 

he  noted  that  the  most  uncertain  items  are  ^euetaNX.^  \>s\^,^\sx'i^^'5X,^ 

and  that  even  the  largest  variatioiis  tVvaX.  e^ja  x^^^cscv"^^^  ^"^ 
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made  of  the  above  figures  will  not  very  greatly  alter  the  final 
result.  A  numerical  illustration  of  the  value  of  saving  distance 
will  be  given  later. 

EFFECT   OP  DISTANCE   ON   RECEIPTS. 

409.  Classification  of  traffic.  There  are  various  methods 
of  classifying  traffic,  according  to  the  use  it  is  intended  to 
make  of  the  classification.  The  method  here  adopted  will  have 
reference  to  its  competitive  or  non-competitive  character  and 
also  to  the  method  of  division  of  the  receipts  on  through  traffic. 
Traffic  may  be  classified  first  as  "through"  and  "local" — 
through  traffic  being  that  traveling  over  two  (or  'more)  lines, 
no  matter  how  short  or  non-competitive  it  may  be;  "local" 
traffic  h  that  confined  entirely  to  one  road.  A  fivefold  classificar 
tion  is  however  necessary — which  is : 

A.  Non-competiti\ie  local — on  one  road  with  no  choice  of 
routes. 

B.  Xon-competitive  through — on  two  (or  more)  roads,  but 
with  no  choice. 

C.  Competitive  local — a  choice  of  two  (or  more)  routes,  but 
the  entire  haul  may  be  made  on  the  home  road. 

D.  Competitive  through — direct  competition  between  two 
or  more  routes  each  passing  over  two  or  more  fines. 

E.  Semi-competitive  through — a  non-competitive  haul  on  the 
home  road  and  a  competitive  haul  on  foreign  roads. 

There  are  other  possible  combinations,  but  they  all  reduce  to 
one  of  the  above  forms  so  far  as  their  essential  effect  is  concerned. 

410.  Method  of  division  of  through  rates  between  the 
roads  run  over.  Through  rates  are  divided  between  the 
roads  nm  over  in  proportion  to  the  mileage.  There  may 
be  terminal  chiirgcs  and  possibly  other  more  or  less  arbitrary 
deductions  to  be  taken  from  the  total  amount  received,  but 
when  the  final  division  is  made  the  remainder  is  divided  accord- 
ing to  the  mileage.  On  account  of  this  method  of  division  and 
also  because  non-competitive  rates  are  always  fixed  according 
to  the  distance,  there  results  the  unusual  feature  that,  tmlike 
curvature  and  grade,  there  is  a  compensating  advantage  in 

Increased  distance,  which  applVea  to  all  the  above  kinds  of 

traffic  except  one  (competitive  \oca\) ,  B^d>i)cv^\»^^^«sas^R20fiaJ^^^ 

ia  sometimes  sufficient  to  make  tYie  «A^^^  ^\«\.wm»  «d.  %rX.\>s^ 
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source  of  profit.     It  has  just  been  proved  that  the  cost  of  hauling 

a  train  an  additional  mile  is  only  35  to  56%  of  the  average 

cost.     Therefore    in    all    non-competitive    business     (local    or 

through)  where  the  rate  is  according  to  the  distance,  there  is 

an  actual  profit  in  all  such  added  distance.     In  competitive 

local  business,  in  which  the  rate  is  fixed  by  competition  and 

has  practically  no  relation  to  distance,  any  additional  distance 

is  dead  loss.      In  competitive  through  business  the  profit  or 

loss  depends  on  the  distances  involved.     This  may  best  be 

demonstrated  by  examples. 

411.  Effect  of  a  change  in  the  length  of  the  home  road,  on 

its  receipts  from   through  competitive   traflSic.      Suppose  the 

home  road  is  100  miles  long  and  the  foreign  road  is  150  miles 

100 
long.     Then  the  home  road  will  receive  =40%  of  the 

lUU-T  150 

through  rate. 

Suppose  the  home  road  is  lengthened  5  miles;  then  it  will 

105 
receive -777^ — 7^7:  =41. 176%  of  the  through  rate.      The  traffic 
105  4- 150 

being  competitive,  the  rate  will  be  a  fixed  quantity  regardless 
of  this  change  of  distance.  By  the  first  plan  the  rate  received 
is  0.4%  per  mile;  adding  5  miles,  the  rate  for  the  original  100 
miles  may  be  considered  the  same  as  before ;  and  that  the  addi- 
tional 5  miles  receive  1 .  176%,  or  0 .  235%  per  mile.  This  is  59% 
of  the  original  rate  per  mile,  and  since  this  is  more  than  the 
cost  per  mile  for  the  additional  distance  (see  §  408),  the  added 
distance  is  evidently  in  this  case  a  source  of  distinct  profit. 
On  the  other  hand,  if  the  line  is  shortened  5  miles,  it  may  be 
similarly  shown  that  not  only  are  the  receipts  lessened,  but 
that  the  saving  in  operating  expenses  by  the  shorter  distance 
is  less  than  the  reduction  in  receipts. 

A  second  example  will  be  considered  to  illustrate  another 
phase.  Suppose  the  home  road  is  200  miles  long  and  the  foreign 
road  is  50  miles  long.     In  this  case  the  home  road  will  receive 

200 
200-4- '^n  "^^^^  °^  ^^®  through  rate.     Suppose  the  home  road  is 

205 
lengthened  5  miles;  then  it  will  receive  ^Tr^---rTr  «»  80 . 392% 

of  the  through  rate.     By  the  first  plan  the  rote.  t^^i&v^'eA.  Ss^ 
0.400%  per  mile;  adding  5  miles,  tldex^  Va  s^  ^mt^vvs*  ^^  ^r^^> 
or  0.0784  per  nule,  which  is  but  1^  .^7o  ^^  ^"^"^  oTv^gx^^  ^^"^^^ 
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At  this  rate  the  extra  distance  evidently  is  not  profitable,  al- 
though it  is  not  a  dead  loss — there  is  some  compensation. 

412.  The  most  advantageous  conditions  for  roads  forming 
part  of  a  through  competitive  route.  From  the  above  it  may 
be  seen  that  when  a  road  is  but  a  short  link  in  a  long  com- 
petitive through  route,  an  addition  to  its  length  will  increase 
its  receipts  and  increase  them  more  than  the  addition  to  the 
operating  expenses. 

As  the  proportionate  length  of  the  home  road  increases  the 
less  will  this  advantage  become,  until  at  some  proportion  an 
increase  in  distance  will  just  pay  for  itself.  As  the  proportionate 
length  grows  greater  the  advantage  becomes  a  disadvantage 
until,  when  the  competitive  haul  is  entirely  on  the  home  road, 
any  increase  in  distance  becomes  a  net  loss  without  any  com- 
pensation. It  is  therefore  advantageous  for  a  road  to  be  a 
short  link  in  a  long  competitive  route;  an  increase  in  that  link 
will  be  financially  advantageous;  if  the  total  length  is  less  than 
that  of  the  competing  line,  the  advantage  is  still  greater,  for 
then  the  rate  received  per  mile  will  ])e  greater. 

413.  Effect  of  the  variations  in  the  length  of  haul  and  the 
classes  of  the  business  actually  done.  The  above  distances 
refer  to  particular  lengths  of  haul  and  are  not  necessarily  the 
total  lengths  of  the  road.  Each  station  on  the  road  has 
traffic  relations  with  an  indefinite  number  of  traffic  points 
all  over  the  country.  The  traffic  between  each  station  on 
the  road  and  any  other  station  in  the  country  between  which 
traffic  may  pass  therefore  furnishes  a  new  combination,  the 
effect  of  which  will  be  an  element  in  the  total  effect  of  a 
change  of  distance.  In  consequence  of  this,  any  exact  solution 
of  such  a  problem  becomes  impracticable,  but  a  sufficiently 
accurate  solution  for  all  practical  purposes  is  frequently  ob- 
tainable. For  it  frequently  happens  that  the  great  bulk  of  a 
road's  business  is  non-competitive,  or,  on  the  other  hand,  it 
may  be  competitive-through,  and  that  the  proportion  of  one 
or  more  definite  kinds  of  traffic  is  so  large  as  to  overshadow 
the  other  miscellaneous  traffic.  In  such  cases  an  approximate 
but  sufTiciontly  arcunfre  vsolution  is  possible 

414.  uenerai  conclusions  regarOing  a  cnang^e  in  distance. 
(a)  In  all  non-competitive  business  (local    and    through)    the 

added  distance  is  actually   proftlab\e.     ^oTcvfc\ivxa^  -^tscticaJly" 
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all  of  the  business  of  the  road  is  non-competitive;  a  considerable 
proportion  of  it  is  always  non-competitive. 

(b)  When  the  competitive  local  business  is  very  ]arg:e  and  the 
comp<ititive  through  business  has  a  very  large  average  home 
haul  compared  with  the  foreign  haul,  the  added  distance  is 
a  source  of  loss.  Such  situations  are  unusual  and  are  generally 
confined  to  trunk  lines. 

(c)  The  above  may  be  still  further  condensed  to  the  general 
conclusion  that  there  is  always  some  compensation  for  the  added 
cost  of  operating  an  added  length  of  line  and  that  it  frequently 
is  a  source  of  actual  profit. 

(d)  There  is,  however,  a  limitation  which  should  not  be  lost 
sight  of.  The  above  argument  may  be  carried  to  the  logical 
conclusion  that,  if  added  distance  is  profitable,  the  engineer 
should  purposely  lengthen  the  line.  But  added  distance  means 
added  operating  expenses.  A  sufficient  tarifif  to  meet  these  is  a 
tax  on  the  community — a  tax  wliich  more  or  less  discourages 
traffic.  It  is  contrary  to  public  policy  to  burden  a  community 
with  an  avoidable  expense.  But,  on  the  other  hand,  a  railroad 
is  not  a  charitable  organization,  but  a  money-making  enter- 
prise, and  cannot  be  expected  to  unduly  load  up  its  first  cost 
in  order  that  subsequent  operating  expenses  may  be  unduly 
cheapened  and  the  tariff  unduly  lowered.  A  common  reason 
for  increased  distance  is  the  saving  of  the  first  cost  of  a  very 
expensive  although  shorter  line. 

(e)  Finally,  although  there  is  a  considerable  and  uncom- 
pensated loss  resulting  from  curvature  and  grade  which  will 
justify  a  coiisidcirable  expenditure  to  avoid  them,  there  is  by 
no  means  as  much  justification  to  incur  additional  expenditure 
to  avoid  distance.  Of  course  needless  lengthening  should  be 
avoided.  A  moderate  expenditure  to  shorten  the  line  may  be 
justifiable,  but  large  expenditures  to  decrease  dbtance  are 
never  justifiable  excerpt  when  the  great  bulk  of  the  traffic  is 
exceedingly  heavy  and  is  competitive. 

415.  Justification  of  decreasing  distance  to  save  time.  It 
should  be  recalled  that  the  changes  which  an  engineer  may 
make  which  are  physically  or  financially  possible  will  ordi- 
narily have  but  little  efi'ect  on  the  time  required  for  a  trip. 
The  time  which  can  thus  be  saved  w'll  have  practically  no  valw. 
for  the  freight  business — at  least  any  vaXw^  Vcvvc^cv^waS.^  \cns^^^ 
changing  the  route.     When  there  \s  a  \aT^<&  ^ywqXX-^  Q.cpa\v^*vj»5(x^'5k 
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passenger  traffic  between  two  cities  (fi.g.  New  York  to  Phila- 
delphia) a  difference  of  even  10  minutes  in  the  time  required 
for  a  run  might  have  considerable  financial  importance,  but 
such  cases  are  comparatively  rare.  It  may  therefore  be  cc«i- 
tjluded  that  the  value  of  the  time  saved  by  shortening  distance 
will  not  ordinarily  be  a  justification  for  increased  expense  to 
accomplish  it. 

416.  Effect  of  change  of  distance  on  the  business  done. 
The  above  discussion  is  based  on  the  assumption  that  the  busi- 
ness done  is  unaffected  l)y  any  proposed  change  in  distance. 
If  a  proposed  reduction  in  distance  involves  a  loss  of  bu^ness 
obtained,  it  is  almost  certainly  unwise.  But  if  by  increasing 
the  distance  the  original  cost  of  the  road  is  decreased  (because 
the  construction  is  of  less  expensive  character),  if  the  receipts 
are  greater,  and  are  increased  still  more  by  an  increase  in  busi- 
ness done,  then  the  change  is  probably  wise.  While  it  is  almost 
impossible  in  a  subject  of  such  complexity  to  give  a  general 
rule,  the  following  is  generally  safe :  Adopt  a  route  of  such  length 
that  the  annual  traffic  per  mile  of  line  is  a  maximum.  This 
statement  may  be  improved  by  allowing  the  element  of  original 
cost  to  enter  and  say,  adopt  a  route  of  such  length  that  the  annual 
traffic  per  mile  of  line  divided  by  the  average  cost  per  mile  is 
a  maximum.  Even  in  the  above  the  operating  cost  per  mile, 
as  affected  by  the  curvature  and  grades  on  the  various  routes, 
does  not  enter,  but  any  attempt  to  formulate  a  general  rule 
which  would  allow  for  variable  operating  expenses  would  e\d- 
dently  be  too  complicated  for  practical  application. 


CHAPTER  XXII. 

CURVATURE. 

417.  General  objections  to  cnrvature.  In  the  x>opular  mind 
curvature  is  one  of  the  most  objectionable  features  of  railroad 
alignment.  The  cause  of  this  is  plain.  The  objectionable 
qualities  are  on  the  surface,  and  are  apparent  to  the  non-tech- 
nical mind.     They  may  be  itemized  as  follows: 

1.  Curvature  increases  operating  expenses  by  increasing  (a) 
the  required  tractive  force,  (b)  the  wear  and  tear  of  roadbed 
and  tnick,  (c)  the  wear  and  tear  of  equipment,  and  (d)  the 
required  number  of  track-walkers  and  watchmen. 

2.  It  may  affect  the  operation  of  trains  (a)  by  limiting  the 
length  of  trains,  and  (b)  by  preventing  the  use  of  the  heaviest 
tj^es  of  engines. 

3.  It  may  affect  travel  (a)  b}'^  the  difficulty  of  making  time, 
(b)  on  account  of  rough  riding,  and  (c)  on  account  of  the  appre- 
hension of  danger. 

4.  There  is  actually  an  increased  danger  of  collision,  derail- 
ment, or  other  form  of  accident. 

Some  of  these  objections  are  quite  definite  and  their  true 
value  may  be  computed.  Others  are  more  general  and  vague 
and  are  visually  exaggerated.  These  objections  will  be  dis- 
cussed in  inverse  order. 

418.  Financial  value  of  the  danger  of  accident  due  to  curva- 
ture. At  the  outset  it  should  be  realized  that  in  general  the 
problem  is  not  one  of  curvature  vs.  no  curvature,  but  simj>ly 
sharp  curvature  vs.  easier  curvature  (the  central  angle  remain- 
ing the  same),  or  a  greater  or  less  percentage  of  elimination 
of  the  degrees  of  central  angle.  A  straight  road  between  ter- 
mini is  in  general  a  financial  (if  not  a  physical)  impossibility. 
The  practical  question  is  then,  how  much  is  the  financial  value 
of  such  diminution  of  danger  that  may  reswV\.  Itqwv  ^xslOcv  ^•^xtov- 
nationa  of  curvature  as  an  engineer  is  ab\e  \.o  Ttis2«.^*\ 
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In  the  year  1898  there  were  2228  railroad  accidents  reported 
by  the  Railroad  Gazette,  whose  Hsts  of  all  accidents  worth  re- 
porting are  very  complete.  Of  these  a  vei-y  large  proportion 
clearly  had  no  relation  whatever  to  curvature.  But  suppose 
we  assume  that  50%  (or  1114  accidents)  were  directly  caused 
by  curvature.  Since  there  are  approximately  200,000  curv^es 
on  the  railroads  of  the  country,  there  was  on  the  average  an 
accident  for  every  179  curves  during  the  year.  Therefore  we 
may  say,  according  to  the  theory  of  probabilities,  that  the 
chances  are  even  that  an  accident  may  happen  on  any  particular 
curve  in  179  years.  This  assumes  all  curves  to  be  equally  danger- 
ous, which  is  not  true,  but  we  may  temporarily  consider  it  to  be 
true.  If,  at  the  time  of  the  construction  of  the  road,  SI. 00  were 
placed  at  compound  interest  at  5%  for  179  years,  it  would  pro- 
duce in  that  time  $620.89  for  each  dollar  saved,  wherewith  to  pay 
all  damages,  while  the  amount  necessary  to  eliminate  that  cur- 
vature, even  if  it  were  possible,  would  probably  be  several  thou- 
sand dollars.  The  number  of  passengers  carried  one  mile  for 
one  killed  in  1898-99  was  61,051,580.  If  a  passenger  were  to 
ride  continuously  at  the  rate  of  sixty  miles  per  hour,  day  and 
night,  year  after  year,  he  would  need  to  ride  for  more  than  116 
years  before  he  had  covered  such  a  mileage,  and  even  then  the 
probabilities  of  his  death  being  due  to  curvature  or  to  such  a 
reduction  of  curvature  as  an  engineer  might  accomplish  are 
very  small.  Of  course  particular  curves  are  often,  for  special 
reasons,  a  source  of  danger  and  justify  the  employment  of 
special  watchmen.  They  would  also  justify  very  large  expen- 
ditures for  thier  elimination  if  possible.  But  as  a  general 
proposition  it  is  evidently  impossible  to  assign  a  definite  money 
value  to  the  danger  of  a  serious  accident  happening  on  a  par- 
ticular curve  which  has  no  special  elements  of  danger. 

Another  element  of  safety  on  curved  track  is  that  trait  of 
human  nature  to  exercise  greater  care  where  the  danger  is  more 
apparent.  Many  accidents  are  on  record  which  have  been 
caused  by  a  carelessness  of  locomotive  engineers  on  a  straight 
track  when  the  extra  watchfulness  usually  observed  on  a  curved 
track  would  have  avoided  them. 

419.  Effect  of  curvature  on  travel,  (a)  Difficulty  in  iniilring 
time.  The  growing  use  of  transvtvou  curves  has  largely  eiimi- 
nated  tho  necessity  for  reducing  spoo(\  o\\  cuxxv^^, ^xv^  ^xv>xv^Wcv 
tihe  speed  is  reduced  it  is  done  so  easWy  ati^  c^iv^^s^c^  Vj  xoaaaa- 
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of  air-brakes  that  but  little  time  is  lost.  If  two  parallel  lines 
were  competing  sharply  for  passenger  traffic,  the  handicap  of 
sharp  curvature  on  one  road  and  easy  curvature  on  the  other 
might  have  a-  considerable  financial  value,  but  ordinal ily  the 
mere  reduction  of  time  due  to  sharp  curvature  will  not  have  any 
computable  financial  value. 

(b)  On  account  of  rough  riding.  Again,  this  is  much  reduced 
by  the  use  of  transition  curves.  Some  roads  suffer  from  a  genr- 
eral  reputation  for  crookedness,  but  in  such  cases  the  excessive 
curvature  is  practically  unavoidable.  This  cause  probably 
does  have  some  effect  in  influencing  competitive  passenger 
traffic. 

(c)  On  account  of  the  apprehension  of  danger.  This  doubtless 
has  its  influence  in  deterring  travel.  The  amount  of  its  influence 
is  hardly  computable.  When  the  track  is  in  good  condition 
and  transition  curves  are  used  so  that  the  riding  is  smooth, 
even  the  apprehension  of  danger  will  largely  disappear. 

Travel  is  doubtless  more  or  less  affected  by  curvature,  but 
it  is  impossible  to  say  how  much.  Nevertheless  the  engineer 
should  not  ordinarily  give  this  item  any  financial  weight  what- 
soever. Freight  traffic  (two  thirds  of  the  total)  is  unaffected 
by  it.  It  chiefly  affects  that  limited  class  of  sharply  competi- 
tive passenger  traffic — a  traffic  of  which  most  roads  have  not  a 
trace. 

420.  Effect  on  operation  of  trains,  (a)  Limiting  the  length 
of  trains.  When  curvature  actually  limits  the  length  of  trains, 
as  is  sometimes  true,  the  objection  is  valid  and  serious.  But 
this  can  generally  be  avoided.  If  a  curve  occurs  on  a  ruling 
grade  without  a  reduction  of  the  grade  sufficient  to  compensate 
for  the  cur^'atu^e,  then  the  resistance  on  that  curve  will  be  a 
maximum  and  that  curve  will  limit  the  trains  to  even  a  less 
weight  than  that  which  may  be  hauled  on  the  ruling  grade. 
In  such  cases  the  unquestionably  correct  policy  is  to  "com- 
pensate for  curvature, "  as  explained  later  (see  §§  427,  428),  and 
not  allow  such  an  objection  to  exist.  It  is  possible  for  curvature 
to  limit  the  length  of  trains  even  without  the  effect  of  grade. 
On  the  Hudson  River  R.  R.  the  total  net  fall  from  Albany  to 
New  York  is  so  small  that  it  has  practically  no  influence  in 
determining  grade.  On  the  other  hand,  a  considerable,  ^^^V^\ss^ 
of  the  route  follows  a  steep  rocky  river  baxvV.  ^YvxOcvK'a*  ^Ck  ox'Sk*^^^ 
that  much  curvature  is  unavoidable  and  n^t^  ^«r^  Q.>M:N^>:^^ssfe 
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can  only  be  avoided  by  very  large  expenditure.  As  a  consequence 
sharp  curvature  has  been  used  and  the  resistance  on  the  curves 
is  far  greater  than  that  of  any  fluctuations  of  grade  which  it 
was  necessary  tc  use.  Or,  at  least,  a  comparatively  small 
expenditure  would  suffice  to  cut  down  any  grade  so  that  its 
resistance  would  be  less  than  that  of  some  curve  which  could 
not  be  avoided  except  at  an  enormous  cost.  And  as  a  result, 
since  the  length  of  trains  is  really  limited  by  ciu^ature,  minor 
grades  of  0.3  to  0.5%  have  been  freely  introduced  which 
might  be  removed  at  comparatively  small  expense  The  above 
case  is  very  unusual.  Low  grades  are  usually  associated  with 
generally  level  country  where  curvature  is  easily  avoided — 
as  in  the  Camden  and  Atlantic  R.  R.  Even  in  the  extreme 
case  of  the  Hudson  River  road  the  maximum  curvature  is 
only  equivalent  to  a  comparatively  low  ruling  grade. 

(b)  Preventing  the  use  of  the  heaviest  types  of  engines.  The 
validity  of  this  objection  depends  somewhat  on  the  de^gree  of 
curvature  and  the  detailed  construction  of  the  engine.  While 
some  types  of  engines  might  have  difficulty  on  curves  of  ex- 
tremely short  radius,  yet  the  objection  is  ordinarily  invalid. 
This  will  best  be  appreciated  when  it  is  recalled  that  the  "  Con- 
solidation" type  was  originally  designed  for  use  on  the  sharp 
curvature  of  the  mountain  divisions  of  the  Lehigh  Valley  R.  R., 
and  that  the  type  has  been  found  so  satisfactory  that  it  has 
been  extensively  employed  elsewhere.  It  should  also  be  re- 
membered that  during  the  Civil  War  an  immense  traffic  daily 
passed  over  a  hastily  constructed  trestle  near  Petersburg,  Va., 
the  track  having  a  radius  of  50  feet.  As  a  result  of  a  test  made 
at  Renovo  on  the  Philad(ilphia  and  Erie  R.  R.  by  Mr.  Isaac 
Dripps,  Gen.  Mast.  Mech.,  in  1875,*  it  was  claimed  that  a 
Consolidation  engine  encountered  loss  resistance  per  ton  than 
one  of  the  "American"  type.  Whether  the  test  was  strictly 
reliable  or  not,  it  certainly  demonstrated  that  there  was  no 
trouble  in  using  those  heavy  engines  on  very  sharp  curs'^ature, 
and  we  may  therefore  consider  that,  except  in  the  most  extreme 
cases,  this  objection  has  no  force  whatsoever. 

*  Seventh  An.  Eep.  Am.  Mast.  Mech.  Assn. 


§421. 


CUBVATDRE. 


449 


EFFECT  OF  CT7RVATURE  ON  OPERATING  EXPENSES. 

421.  Relation  of  radius  of  curvature  and  of  degrees  of 
central  angle  to  operating  expenses.  The  smallest  consideration 
will  show  that  the  sharper  the  curvature  the  greater  ^vill  be 
the  tractive  force  required,  also  the  greater  per  unit  of  track 
length  will  be  the  rail  wear  and  the  general  wear  and  tear  on 
roadbed  and  rolling  stock.  But  it  would  be  inconvenient 
to  use  a  relation  between  operating  expenses  and  radius  of 
curvature,  because  even  when  such  a  relation  was  found  there 
would  be  two  elements  to  consider  in  each  problem — the  radius 
and  the  length  of  the  curve.  The  method  which  will  be  here 
developed  cannot  claim  to  be  strictly  accurate  or  even  strictly 
logical,  but,  as  will  be  shown  later,  the  most  uncertain  elements 
of  the  computation  have  but  a  small  influence  On  the  final 
result,  and  the  method  is  in  general  the  only  possible  method  of 
solution.     The  oi\tline  of  the  method  is  as  follows: 

(1)  For  reasons  given  in  detail  later,  it  is  found  that  the 
expenses,  wear,  etc.,  on  the  track  from  A  io  B  will  be  substan- 
tially the  same  whether  by  the  route  M  or  N,    The  wear,  etc.. 
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per  foot  at  N  is  of  course  greater,  b\it  llaa  V5?ci\gCtk.  Ci\  tsxsr^Nsi 
JeBs,     Therefore  the  effect  of  the  CMtvatwT^  ^e^\Aa.  ww  »Ovx^ 
degrees  of  central  angle  J  and  is  mdepeT\dcti\i  o^  ^^^a  x^^^N>a»- 
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(2)  At  what  degree  of  curvature  is  the  total  train  resistance 
double  its  value  on  a  tangent?  Probably  no  one  figure  would 
be  exact  for  all  conditions.  Train  resistance  varies  with  the 
velocity  and  with  the  various  conditions  of  train  loading  even 
on  a  tangent,  and  it  is  by  no  means  certain  (or  even  probable) 
that  the  ratio  would  be  exactly  the  same  for  all  conditions. 
As  an  average  figure  we  may  say  that  a  train  running  at  average 
velocity  on  a  10°  curve  will  encoimter  a  resistance  due  to  cur- 
vature of  about  10  lbs.  per  ton,  which  is  the  average  resistance 
found  on  a  level  tangent.  On  a  10°  curve  therefore  the  resistance 
is  doubled. 

(3)  A  train-mile  costs  about  so  much — approximately  $1.00. 
Doubling  the  tractive  resistance  will  increase  certain  items  of 
expenditure  about  so  much.  Their  combined  value  is  so  much 
per  cent  of  the  cost  of  a  train-mile.  A  mile  of  continuous  10" 
curve  contains  528°  of  central  angle.  A  mile  of  such  track 
would  add  so  much  per  cent  to  the  average  train -mile  expenses, 
and  each  degree  of  central  angle  is  responsible  for  ^^  of  this 
increase.  Since  the  increase  is  irrespective  of  radius  and  de- 
pends only  on  the  degrees  of  central  angle,  we  therefore  say 
that  each  degree  of  central  angle  of  a  curve  will  add  so  much 
to  the  average  operating  expenses  of  a  train-mile. 

The  "cost  per  train-mile"  considered  above  should  be  con- 
sidered as  the  cost  of  a  mile  of  level  tangent.  If  we  for  a  moment 
consider  that  all  the  railroads  of  the  country  were  made  abso- 
lutely straight  and  level,  it  is  apparent  that  the  average  cost 
p^r  train -mile  instead  of  being  about  95c.  would  be  somewhat 
less.  The  percentage  should  therefore  be  applied  to  tliis  reduced 
value,  but  the  net  effect  of  this  change  would  evidently  be 
small. 

422.  Effect  of  curvature  on  maintenance  of  way.  A 
very  large  proportion  of  the  items  of  expense  in  a  train-mile 
are  absolutely  unaffected  by  curvature.  It  will  therefore 
simplify  matters  somewhat  if  we  at  once  throw  out  all  the  un- 
affected items.  Of  the  items  of  maintenance  of  way  and  struc- 
ture all  but  the  first  three  will  be  thrown  out.  Item  4  will  be 
somewhat  affected  when  bridges  or  trestles  occur  on  a  curve. 
But  when  it  is  considered  what  a  ver}^  small  percentage  of  this 
small  item  (2.37H%)  could  be  ascribed  to  curvature,  since  the 
very  large  majority  of  bridges^aud  tTc?>We^  ax^  ^\rcvQfis^^  TCAdft 
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straight,   and  since  culverts,   etc.,   are  not  affected,  we  may  * 
evidently  ignore  any  variation  in  the  item. 

Item  I.  REPAIRS  OF  Roadway.  A  very  large  proportion  of  the 
sub-items  are  absolutely  unaffected.  The  care  of  embankments 
and  slopes,  ditching,  weeding,  etc.,  are  evidently  unaffected. 
The  track  labor  on  rails  and  ties  and  the  work  of  surfacing 
will  evidently  be  somewhat  increased  and  yet  it  is  very  seldom 
that  the  length  of  a  track  section  would  be  decreased  simply 
on  account  of  excessive  curvature.  But  528°  per  mile  is  an 
excessive  amount  of  curvature.  The  average  for  the  whole 
country  is  about  30°  per  mile,  and  there  are  very  few  instances 
of  that  amount  of  curvature  (528°)  in  the  length  of  a  single  mile. 
As  before  intimated,  it  is  reasonable  to  assume  that  the  extra 
work  per  foot  on  a  20°  curve  would  be  10  times  the  extra  work 
on  a  2°  curve,  which  verifies  the  general  statement  that  the 
extra  cost  varies  as  the  degrees  of  central  angle.  Considering 
how  much  of  this  item  is  independent  of  curvature  and  how 
little  even  the  track  labor  is  affected,  it  is  possibly  overstating 
the  case  to  allow  25%  increase  for  528°  of  curvature  in  one 
mile. 

Item  2.  Renewals  of  Rails*  Wellington  says  that  some  ex- 
periments made  by  himself  and  others  made  by  Dr.  Dudley 
agree  in  indicating  that  the  rail  wear  on  tangents  may  be  con- 
sidered as  1  lb.  per  yard  per  10,000,000  tons  duty,  while  the 
extra  wear  on  curves  would  be  J  lb.  per  degree  of  curve  per 
10,000,000  tons  duty.  Therefore  on  a  10°  curve  the  extra 
rail  wear  would  be  five  times  as  great  as  on  a  tangent  and  the 
increase  would  therefore  be  500%.  On  iron  rails  and  on  inferior 
steel  rails  the  wear  on  tangents  would  be  larger  proportionally, 
and  this  is  probably  the  reason  for  WeUington's  adopting  an 
average  increase  of  but  300%,  and  this  same  figure  will  be 
adopted. 

Item  3.  Renewals  of  Ties.  Curvature  affects  ties  by  in- 
creasing the  "rail  cutting"  and  on  account  of  the  more  frequent 
respiking,  which  "spike-kills"  the  ties  even  before  they  have 
decayed.  Wellington  estimates  that  a  tie  which  will  last 
nine  years  on  a  tangent  will  last  but  six  years  on  a  10°  curve. 
He  adds  50%  for  tie  renewals.  He  considers  the  decrease  in 
tie  life  to  be  proportional  to  the  degree  of  curve  and  thftte.C<ye5^ 
a^ain  verifies  the  general  statement  laaA^  «Sdqn^  ^c^^j^^issj^^^vioR^ 
expense  of  curvature. 
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423.  Effect   of    ctxrvature    on   maintenance   of   equipment 

Items  11,  16,  18,  and  19  will  be  oon^ddered  as  unaffected. 

Item  12.  Repairs  and  Renewals  of  Locomotives.  Cur- 
vature affects  locomotive  repairs  by  increasing  very  largely  the 
wear  on  tires  and  wheels,  and  also  the  wear  and  strain  due  to 
the  additional  power  required.  Wellington  neglected  the  last 
cause  since  the  resistance  due  to  curvature  is  so  small  compared 
to  that  due  to  even  a  moderate  grade.  He  further  considered 
that  only  30%  of  the  items  of  engine  repairs  are  affected  at 
all  by  curvature,  and  that  the  effect  of  curvature  and  grades  on 
these  is  only  J  or  10%,  and  that  curvature  is  responsible  for 
00%  of  that,  or,  finally,  that  only  6%  of  engine  repairs  are  caused 
by  curvature  as  it  exists.  He  then  computed  that  the  actual 
average  curvature  of  railroads  (about  30**  per  mile)  is  but  -j^ 
of  the  600°  (instead  of  528°)  in  his  standard  mile.  TherefcM^ 
he  said  that  600°  of  curvature  would  increase  engine  repairs 
by  20X6%,  or  120%.  He  acknowledges  that  the  reasoning 
is  not  conclusive.  It  apparently  is  weak  in  this  re^ject:  the 
resistance,  an-d  also  the  wear,  is  less  per  degree  of  curve  on  the 
sharper  curves  than  on  the  easier.  On  this  account,  and  also 
because  528°  of  curvature  is  considered  the  standard,  rather 
than  600°,  the  estimate  Tvill  be  cut  down  to  100%.  < Another 
method  of  computation  will  be  substituted  for  this  as  soon  as 
possible.) 

Items  13,  14,  and  15.     For  ^milar  reasons  the  estimates  for    < 
these  items  will  be  made  100%.     The  effect  of  curvature  will 
apply  to  all  cars  about  equally. 

Item  17.  The  repairs  and  renewals  of  shop  machinery  and 
tools  will  not  be  increased  more  than  50%  per  mile  for  the  addi- 
tional repairs  required  of  the  above  equipment. 

424.  Effect  of  curvature  on  conducting  transportation. 
We  may  at  once  throw  out  all  items  except  22,  23,  24,  and  25, 
a  small  part  of  28,  and  possibly  35,  36.  and  37.  This  last  group 
has  already  been  discussed  in  §418;  the  aggregate  of  the  three 
items  is  but  1.752%;  curvature  is  responsible  for  only  a  small 
proportion  of  the  item,  and  the  reduction  which  an  engineer 
is  able  to  effect  would  be  so  small  that  we  may  neglect  it. 

Item  28  is  somewhat  analogous  to  the  above.     Curvature  does 
not  affect  a  large  part  of  the  item,  but  an  extreme  caae  of  curva- 
tuiv  will  occasionally  require  an  extxa.  ^a.\.^\vx»a?Du    C(<aK\sk<;Sfix- 
Jng,  however,  that  curvature  docs  not  m  ^ejc^xaX  x^i^j^josfc  ^««k«^ 
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men,  and  that  such  cases  are  the  unusual  cases  in  mountainous 
regions  where  the  curvature  is  unavoidable  and  not  materially 
reducible,  it  would  evidently  be  wrong  to  charge  curvature  in 
general  with  such  an  item,  although  there  would  be  justifica- 
tion for  it  in  individual  cases.     It  will  therefore  be  ignored. 

Items  22,  23,  24,  and  25.  In  §  407,  Chapter  XXI,  the  propor- 
tion of  fuel  assigned  to  direct  hauling  on  a  tangent  is  computed 
as  amounting  to  about  55%.  Since  this  direct  resistance  is  as- 
sumed to  be  exactly  doubled,  we  will  charge  55%  for  fuel.  There 
will  evidently  be  no  error  worth  considering  in  allowing  the  same 
proportionate  amount  as  the  charge  for  water,  oil,  waste,  etc. 

"General  expenses,"  items  47  to  53,  are  of  course  unaffected. 

425.  Estimate  of  total  effect  per  degree  of  central  angle. 
Compiling  the  above  estimates  we  have  the  following  tabulation: 


TABLE    XXII. EFFECT   ON    OPERATING    EXPENSES    OF 

IN    CURVATURE. 

Item 

Normal 

Per  cent 

Cost. per  mile. 

No. 

average. 

affected. 

per  cent. 

1 

10.596 

25 

2.649 

2 

1.440 

300 

4.320 

3 

3.093 

50 

1.546 

4 
10) 

5.533 

0 

0 

20.662 

8.515 

11 

.650 

0 

0 

12 

5.879 

100 

5.879 

13 

2.209 

100 

2.209 

14 

6.765 

100 

6.765 

15 

.  155 

100 

.155 

16 

.209 

0 

0 

17 

.490 

50 

.245 

18 

.040 

0 

0 

19 

.495 

0 

0 

16.892 

15.253 

20 

1.761 

0 

0 

21 

9.781 

0 

0 

22 

9.681 

55 

5.335 

23 

.671 

55 

.369 

24 

.376 

55 

.207 

25 

.184 

55 

.101 

26  1 
46) 

35.340 

0 

0 

57.794 

6.012 

tl\ 

4.653 

0 

0 

i 

i 

100.000 

\       7ft  .T&^ 

\ 
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According  to  it,  528°  of  curvature  in  one  mile  would  increase 
the  expenses  of  each  train  passing  over  it  by  29.78%  of  the 
average  cost  of  a  train-mile,  and  according  to  the  general  prin- 
ciples laid  down  in  §  421,  1°  of  central  angle  of  any  curve,  no 
matter  what  the  radius,  will  increase  the  expenses  by  -g^j  of 
29.78%,  or  .0564%  per  degree.  Therefore  the  cost  per  year 
per  daily  train  each  way  is  (at  95  c.  per  train-mile) 

95X.0564%X2X365=39.11  c. 

As  a  simple  illustration  (a  more  extended  one  will  be  given 
later),  suppose  that  by  using  greater  freedom  with  regard  to 
earthwork  the  crooked  line  sketched  may  be  reduced  to  the 
simple  curve  shown  and  a  curvature  of,  say,  110°  may  be  re- 
duced to,  say,  60°. 

Note  that  since  the  extreme  tangents  are  identical,  the  sav- 
ing in  central  angle  results  from  the  elimination  of  the  reversed 
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Fig.  209. 

curvature  and  of  that  part  of  the  direct  curvature  necessary 
to  balance  the  reversed  curvature.     Assume  that  there  are  six 
daily  trains  each  way.     Thou  the  aiiimal  stxxviv^  is 
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which  at  5%  would  justify  an  expenditure  of  $2346.60.  If 
the  extra  cost  of  construction  does  not  exceed  this,  the  im- 
provement is  justifiable,  and  is  made  all  the  more  so  if  the  proba- 
bilities are  great  that  the  future  traffic  will  largely  exceed  six 
trains  per  day.  At  the  same  time  the  warning  regarding  ** dis- 
counting the  future"  with  respect  to  expected  traffic  should 
not  be  neglected.  The  possible  effect  of  change  of  distance 
has  not  been  referred  to  in  the  above  problem.  In  any  case  it 
is  a  distinct  problem.  According  to  the  above  sketch,  the 
difference  in  distance  is  probably  very  slight,  and  consider- 
ing the  compensating  character  of  extra  distance,  such  small 
differences  may  usually  be  disregarded.  The  possible  effect 
of  change  of  grade  will  be  discussed  in  the  next  chapter.  As- 
suming that  there  is  no  difference  to  be  considered  on  account 
of  either  grade  or  distance,  the  question  hinges  on  the  advisa- 
bility of  spending  $2346.00  for  the  improvement. 

426.  Reliability  and  value  of  the  above  estimate.  It  should 
be  realized  at  the  outset  that  no  extreme  accuracy  is  claimed 
for  the  above  estimate.  The  effect  of  curvature  is  somewhat 
variable  as  well  as  uncertain,  but  such  estimates  have  this  great 
value.  Vary  the  estimates  of  individual  items  as  you  please 
(within  reason),  and  the  final  result  is  still  about  the  same  and 
may  be  used  to  guide  the  judgment.  As  an  illustration,  sup- 
pose that  the  item  of  renewals  of  rails  is  assumed  to  be  affected 
400%  rather  than  300%,  the  justifiable  expenditure  to  avoid 
the  curvature  in  the  above  case  may  similarly  be  computed 
as  $2460,  an  increase  of  less  than  5%.  But,  after  all,  the  real 
question  is  not  whether  the  improvement  is  worth  $2346  or 
$2460.  The  extra  work  involved  may  perhaps  be  done  for  $500 
or  it  may  require  $10000.  The  above  general  method  furnishes 
a  criterion  which,  while  not  accurate,  is  so  much  better  than  a 
reliance  on  vague  judgment  that  it  should  not  be  ignored. 


COMPENSATION  FOR  CURVATURE. 

427.  Reasons  for  compensation.  The  effect  of  curvature  on 
a  grade  is  to  increase  the  resistance  by  an  amount  which  is  equiv- 
alent to  a  material  addition  to  that  grade.  On  minor  grades 
the  addition  is  of  little  importance,  but  when  the  ^a.da  ^a.  \NR»a^ 
or  quite  the  ruling  grade  of  the  road,  t\veiv\\v&  ^A^vVawm^^s^®^ 
ance  induced  by  a  curve  will  make  t\ia\*  c\3ccve  «u  ^^^ac»  ^^  \sia:«^- 
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mum  resistance  and  the  real  maximum  will  be  a  "virtual  grade" 
somewhat  higher  than  the  nominal  maximum.     If,  in  Fig.  210, 


Fig.  210. 

AN  represents  an  actual  uniform  grade  consisting  of  tangents 
and  curves,  the  "virtual  grade"  on  curves  at  BC  and  DE  may 
be  represented  by  BC  and  DE.  If  BC  and  DE  are  very  long, 
or  if  a  stop  becomes  necessary  on  the  curve,  then  the  full  dis- 
advantage of  the  curve  becomes  developed.  If  the  whole  grade 
may  be  operated  without  stoppage,  then,  as  elaborated  further 
in  the  next  chapter,  the  whole  grade  may  be  operated  as  if  equal 
to  the  average  grade,  AF,  which  is  l)etter  than  BC^  although 
nmch  worse  than  AN.  The  process  of  "compensation"  con- 
sists in  reducing  the  grade  on  every  curve  by  such  an  amount 
that  the  actual  resistance  on  each  curs'e,  due  to  both  curvature 
and  grade,  shall  precisely  equal  the  resistance  on  the  tangent. 
The  practical  eflfect  of  such  reduction  is  that  the  'Sdrtual"  grade 
is  kept  constant,  while  the  nominal  grade  fluctuates. 

One  effect  of  this  is  that  (see  Fig.  211)  instead  of  accomplish- 


FiQ.  211. 


ing  the  vertical  rise  from  A  to  G  (i.e.,  HG)  in  the  horizontal 
distance  AH,  it  reciuires  the  horizontal  distance  AK.  Such  an 
addition  to  the  horizontal  distance  can  usually  be  obtained  by 
proper  development,  and  it  sliould  always  be  done  on  a  ruling 
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grade.  Of  course  it  is  possible  that  it  will  cost  more  to  accom- 
plish this  than  it  is  worth,  but  the  engineer  should  be  sure  of 
this  before  allowing  this  virtual  increase  of  the  grade. 

European  engineers  early  realized  the  significance  of  unre- 
duced curvature  and  the  folly  of  laying  out  a  uniform  ruling 
grade  regardless  of  the  curvature  encountered.  Curve  compen- 
sation is  now  quite  generally  allowed  for  in  this  country,  but 
thousands  of  miles  have  been  laid  out  without  any  comp)ensa- 
tion.  A  very  common  limitation  of  curvature  and  grade  has 
been  the  alliterative  figures  6°  curvature  and  60  feet  per  mile 
of  grade,  either  singly  or  in  combination.  Assuming  that  the 
resistance  on  a  6°  curve  is  equivalent  to  a  0.3%  grade  (15.84  feet 
per  mile),  then  a  6°  curve  occurring  on  a  60-foot  grade  would 
develop  more  resistance  than  a  75-foot  grade  on  a  tangent. 
The  "mountain  cut-off"  of  the  I-,ehigh  Valley  Railroad  near 
Wilkesbarre  is  a  fine  example  of  a  heavy  grade  compensated 
for  curvature,  and  yet  so  laid  out  that  the  virtual  grade  is  imi- 
form  from  bottom  to  top,  a  distance  of  several  miles. 

428.  The  proper  rate  of  compensation.  This  evidently  is  the 
rate  of  grade  of  which  the  resistance  just  equals  the  resistance 
due  to  the  curve.  But  such  resistance  is  variable.  It  is  greater 
as  the  velocity  is  lov/er;  it  is  generally  about  2  lbs.  per  ton 
(equivalent  to  a  0.1%  grade)  per  degree  of  cm^'-e  when  starting 
a  train.  On  this  account,  the  compensation  for  a  curve  which 
occurs  at  a  knov/n  stopping-place  for  the  heaviest  trains  should 
be  0.1%  per  degree  of  curve.  The  resistance  is  not  even  strictly 
proportional  to  the  degree  of  curvature,  although  it  is  usually 
considered  to  be  so.  In  fact  most  formulae  for  curve  resistance 
are  based  on  such  a  relation.  But  if  the  experimentally  deter- 
mined resistances  for  lov/  curvatures  are  applied  to  the  excessive 
curvature  of  the  Nev/  York  Elevated  road,  for  example,  the 
rules  become  ridiculous.  On  this  account  the  compensation 
per  degree  of  curve  may  be  made  less  on  a  sharp  curve  than  on 
an  easy  curve.  The  compensation  actually  required  for  very 
fast  trains  is  less  than  for  slow  trains,  say  0.02  or  0.03%  per 
degree  of  curve;  but  since  the  comparatively  slow  and  heavy 
freight  trains  are  the  trains  which  are  chiefly  limited  by  ruling 
grade,  the  compensation  must  be  made  with  respect  to  those 
trains.  From  0.04  to  0.05%  per  degree  is  the  rate  of  compen- 
sation most  usually  employed  for  average  conditions.  Curves 
which  occur  below  a  known  stopping-place  for  all  trains  BSftd^ 
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not  be  compensated,  for  the  extra  resistance  of  the  curve  will 
be  simply  utilized  in  place  of  brakes  to  stop  the  train.  If  a  curve 
occurs  just  above  a  stopping-place,  it  is  very  serious  and  should 
be  amply  compensated.  Of  course  the  down-grade  traffic  need 
not  be  considered. 

It  sometimes  happens  that  the  ordinary  rate  of  compensa- 
tion will  consume  so  much  of  the  vertical  height  (especially  if 
the  curvature  is  excessive)  that  a  steeper  through  grade  must 
be  adopted  than  was  first  computed,  and  then  the  trains  might 
stall  on  the  tangents  rather  than  on  the  curves.  In  such  cases 
a  slight  reduction  in  the  rate  of  compensation  might  be  justi- 
fiable. The  proper  rate  of  compensation  can  therefore  be 
estimated  from  the  following  rules : 

(1)  On  the  upper  side  of  a  stopping-place  for  the  heaviest 
trains  compensate  0.10%  per  degree  of  curve. 

(2)  On  the  lower  side  of  such  a  stopping-place  do  not  com- 
pensate at  all. 

(3)  Ordinarily  compensate  about  0 .  05%  per  degree  of  curve. 

(4)  Reduce  this  rate  to  0.04%  or  even  0.03%  per  degree 
of  curve  if  the  grade  on  tangents  must  be  increased  to  reach 
the  required  summit. 

(5)  Reduce  the  rate  somewhat  for  curvature  above  8°  or  10°. 

(6)  Curves  on  minor  grades  need  not  be  compensated. 

429.  The  limitations  of  maximum  curvature.  What  is  the 
maximum  degree  of  curvature  which  should  be  allowed  on  any 
road?  The  true  answer  is  probably  that  there  is  no  definite 
limit.  It  has  been  shown  that  sharp  curvature  does  not  prevent 
the  use  of  the  heaviest  types  of  engines,  and  although  a  sharp 
curve  unquestionably  increases  operating  expenses,  the  increase 
is  but  one  of  degree  with  hardly  any  definite  limit.  The  general 
character  of  the  country  and  the  gross  capital  available  (or 
the  probable  earnings)  are  generally  the  true  criterions. 

A  portion  of  the  road  from  Denver  to  I^eadville,  Col.,  is  an 
example  of  the  necessity  of  considering  sharp  curvature.  The 
traffic  that  might  be  expected  on  the  line  wjis  so  meagre  and 
yet  the  general  character  of  the  country  was  so  forbidding 
that  a  road  built  accordinsj  to  the  usual  standards  would  have 
cost  very  much  more  than  the  traffic  could  possibly  pay  for. 
The  line  as  adopted  cost  about  $20,000  per  mile,  and  yet  in  a 
stretch  of  11.2  miles  there  arc  about  127  curves.  One  is  a  25** 
20^ curvd,  twenty -iowT  are  24°  curves,  twenty-five  are  20®  curves, 
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and  seventy-two  are  sharper  than  10°.  If  10°  had  been  made 
the  limit  (a  rather  high  limit  according  to  usual  ideas),  it  is 
probable  that  the  line  would  have  been  found  impracticable 
(except  with  prohibitive  grades)  unless  four  or  five  times  as 
much  per  mile  had  been  spent  on  it,  and  this  would  have  ruined 
the  project  financially. 

For  many  years  the  main-line  traffic  of  the  Baltimore  and 
Ohio  R.  R.  has  passed  over  a  300-foot  curve  (19°  10')  and  a 
400-foot  curve  (14°  22')  at  Harper's  Ferry.  A  few  years  ago 
some  reduction  was  made  in  this  by  means  of  a  tunnel,  but 
the  fact  that  such  a  road  thought  it  wise  to  construct  and  operate 
such  curves  (and  such  illustrations  on  the  heaviest-traffic  roads 
are  quite  common)  shows  how  foolish  it  is  for  an  engineer  to 
sacrifice  money  or  (which  is  much  more  common)  sacrifice 
gradients  in  order  to  reduce  the  rate  of  curvature  on  a  road 
^vhich  at  its  best  is  but  a  second-  or  third-class  road. 

Of  course  such  belittling  of  the  effects  of  curvature  may 
be  (and  sometimes  is)  carried  to  an  extreme  and  cause  an  engi- 
neer to  fail  to  give  to  curvature  its  due  consideration.  Degrees 
of  central  angle  should  always  be  reduced  by  all  the  ingenuity 
of  the  engineer,  and  should  only  be  limited  by  the  general  rela- 
tion between  the  financial  and  topographical  conditions  of  the 
problem.  Easy  curvature  is  in  general  better  than  sharp  curva- 
ture and  should  be  adopted  when  it  may  be  done  at  a  small 
financial  sacrifice,  especially  since  it  reduces  distance  generally 
and  may  even  cut  down  the  initial  cost  of  that  section  of  the 
road.  But  large  financial  expenditures  are  rarely,  if  ever,  jus- 
tifiable where  the  net  result  is  a  mere  increase  in  radius  without 
a  reduction  in  central  angle.  An  analysis  of  the  changes  which 
have  been  so  extensively  made  during  late  years  on  the  Penn. 
R.  R.  and  the  N.  Y.,  N.  H.  &  H.  R.  R.  will  show  invariably  a 
reduction  of  distance,  or  of  central  angle,  or  both,  and  perhaps 
incidentally  an  increase  in  radius  of  curvature.  There  are  but 
few,  if  any,  cases  where  the  sole  object  to  be  attained  by  the 
improvement  is  a  mere  increase  in  radius. 


CHAPTER  XXIII. 

GRADE. 

430.  Two  distinct  effects  of  grade.  The  effects  of  grade  on 
train  expenses  are  of  two  distinct  kinds;  one  possible  effect  is 
very  costly  and  should  be  limited  even  at  considerable  expen- 
diture; the  other  is  of  comparatively  little  importance,  its  cost 
being  slight.  As  long  as  the  length  of  the  train  is  not  limited, 
the  occurrence  of  a  grade  on  a  road  simply  means  that  the  engine 
is  required  to  develop  so  many  foot-pounds  of  work  in  raising 
the  train  so  many  feet  of  vertical  height.  For  example,  if  a 
freight  train  weighing  600  tons  (1,200,000  lbs.)  climbs  a  hill 
5()  feet  high,  the  engine  performs  an  additional  work  of  creating 
60,000,000  foot-pounds  of  potential  energy.  /  If  this  height  is 
surmounted  in  2  miles  and  in  6  minutes  of  actual  time  (20 
miles  per  hour),  the  extra  work  is  10,000,000  foot-pounds  per 
minute,  or  about  303  horse-power.  But  the  disadvantages  of 
such  a  rise  are  always  largely  compensated.  Except  for  the  fact 
that  one  terminus  of  a  road  is  generally  higher  than  the  other, 
every  up  grade  is  followed,  more  or  less  directly,  by  a  down  grade 
which  is  operated  partly  by  the  potential  energy  acquired  during 
the  previous  climb.  But  when  we  consider  the  trains  running 
in  both  directions  even  the  difference  of  elevation  of  the  termini 
is  largely  neutralized.  If  we  could  eliminate  frictional  resist- 
ances and  particularly  the  use  of  brakes,  the  net  effect  of  minor 
grades  on  the  operation  of  minor  grades  in  both  directions  would 
be  zero.  Whatever  was  lost  on  any  up  gr^de  would  be  regained 
on  a  succeeding  down  grade,  or  at  any  rate  on  the  return  trip. 
On  the  very  lowest  grad(»s  (the  limits  of  which  are  defined  lat«r) 
we  may  consider  this  to  be  literally  true,  viz.,  that  nothing  is 
lost  by  their  presence;  whatever  is  temporarily  lont  in  climbing 
them  is  either  immediately  regained  on  a  subsequent  light  down 
grade  or  is  regained  on  the  return  trip.     If  a  stop  is  required 

at  the  bottom  of  ix  sag,  there  Is  a  net  and  uncompensated  loss 

of  energy. 
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On  the  other  hand,  if  the  length  of  trains  is  limited  by  the 
grade,  it  will  require  more  trains  to  handle  a  given  traffic.  The 
receipts  from  the  traffic  are  a  definite  sum.  ITie  cost  of  hand- 
ling it  tsnll  be  nearly  in  proportion  to  the  number  of  trains. 
Anticipating  a  more  complete  discussion,  it  may  be  said  as  an 
example  that  increasing  the  ruling  gi-ade  from  1.20%  (63.36 
feet  per  mile)  to  1.55%  (81.84  feet  per  mile — an  increase  of 
about  18.5  feet  per  mile)  will  be  sufficient  to  increase  the  re- 
quired number  of  trains  for  a  given  gross  traffic  about  25%, 
i.e.,  five  trains  Will  be  required  to  handle  the  traffic  which  four 
trains  would  have  handled  before  at  a  cost  slightly  more  than 
four-fifths  as  much.  The  effect  of  this  on  dividends  may  readiHy 
be  imagined. 

431.  Application  to  the  movement  of  trains  of  the  laws  of 
accelerated  motion.  When  a  train  starts  from  rest  and  acquires 
its  normal  velocity,  it  overcomes  not  only  the  usual  tangent 
resistances  (and  perhaps  curve  and  grade  resistances),  but  it 
also  performs  work  in  storing  into  the  train  a  vast  fund  of  kinetic 
energy.  This  work  is  not  lost,  for  every  foot-pound  of  such 
energy  may  later  be  utilized  in  overcoming  resistances,  pro- 
vided it  is  not  wasted  by  the  action  of  tradn-brakes.  If  for  a 
moment  we  consider  that  a  train  runs  without  any  friction, 
then,  when  running  at  a  velocity  of  v  feet  p>er  second^it  possesses 
a  kinetic  energy  which  would  raise  it  to  a  height  n  feet,  when 

h  =  ^— ,  in  which  g  is  the  acceleration  of  gravity  =32.16.  Assum- 
ing that  the  engine  is  exerting  just  enough  energy  to  overcome 
the  f  rictional  rcsii^ances,  the  train  would  climb  a  grade  until  the 
train  was  raised  h  feet  above  the  point  where  its  velocity  was  v. 
When  it  had  climbed  a  height  7i'  (less  than  h)  it  would  have  a 
velocity  Vi=\/2g{h—h').     As  a  numerical  illustration,  assume 

v^ 30  miles  per  hour = 44  feet  per  second.   Then  /i  =  —  =  30. 1  feet, 

and  assuming  that  the  engine  was  exerting  just  enottgh  force 
to  overcome  t/he  rolling  resistances  on  a  levd,  the  kinetic 
energy  in  the  train  would  carry  it  for  two  miles  up  a  grade  of 
15  feet  per  mile,  or  half  a  mile  up  a  grade  of  60  feet  per  mile. 
When  the  train"' had  climbed  20  feet,  there  would  still  be  10.1 
fe^  left  and  its  velocity  would  ^Cx^^^Io^kSS^S^  =-^^.^  ^'^^^^ 
per  second  =  17.4  miles  per  hour.  TYiesG  fv^\-e^,  Vonn^^^^ ,  wxv^^. 
be  slightly  modified  on  account  o?  tihe  ^e\^\v\,  aT\OiL  \Xv^  ^^"^^^'^^ 


462  RAILROAD    CONSTRUCTION.  §  432. 

action  of  the  wheels,  which  form  a  considerable  percentage 
of  the  total  weight  of  the  train.  When  train  velocity  is  being 
acquired,  part  of  the  work  done  is  spent  in  imparting  the  energ\' 
of  rotation  to  the  driving-wheels  and  various  truck- wheels  of 
the  train.  Since  these  wheels  run  on  the  rails  and  must  turn 
as  the  train  moves,  their  rotative  kinetic  energy  is  just  as  effec- 
tive— as  far  as  it  goes — in  becoming  transformed  back  into 
useful  work.  The  proportion  of  this  energy  to  the  total  kinetic 
energy  has  already  been  demonstrated  (see  Chapter  XVI, 
§  347).  The  value  of  this  correction  is  variable,  but  an  average 
value  of  5%  has  been  adopted  for  use  in  the  accompanying 
tabidar  form  (Table  XXIII),  in  which  is  given  the  corrected 
''velocity  head"  corresponding  to  various  velocities  in  miles 
V  per  hour.     The  table  is  computed  from  the  following  fonnula: 

ii        Velocitv  head='-^^^~?--^?5^     1.4667yn  m.perhj 

i  -^         ^  eiociiy  neaa    ^        ^^^^  -  64.32  U.UA5441 

j  ,^         adding  5%  for  the  rotative  kinetic  energy  of  the  wheels,  0.00167r' 


The  corrected  velocity  head  therefore  equals  0.03511  r' 

Part  of  the  figures  of  Table  XXIII  were  obtained  by  inter- 
polation and  the  final  hundredth  may  be  in  error  by  one  unit, 
but  it  may  readily  be  showTi  that  the  final  hundredth  is  of  no 
practicable  importance.  It  is  also  true  that  the  chief  use  made 
of  this  table  is  ^nth  velocities  much  less  than  50  miles  per  hoiu". 
Corresponding  figures  may  be  obtained  for  higher  velocities,  if 
desired,  by  nmltiplying  the  figure  for  half  the  velocity  by  four. 

432.  Construction  of  a  virtual  profile.     The  following  simple 
demonstration  will  be  made  on  the  basis  that  the  ordinary 
tractive^  n^sistancos  and  also  the  tractive  force  of  the  locomo- 
tive are  independent  of  velocity.     For  a  considerable  range  of 
velocity  which  includes  the  most  common  freight-train  velocities 
this  assumption  is  so  nearly  correct  that  the  method  will  give     | 
an  approximately  correct  result,  but  for  higher  velocities  and 
for  mon»  accurate  results  a  more  complicated  method   (given 
later)  must  ])e  used.     The  following  demonstration  "will  serve 
well  {I.S  a  preliminary  to  the  more  accurate  method.     It  may 
host  bo  illustrated  by  considering  a  simple  numerical  example. 
Assuming  tliat  a  train  is  passm?;  A  (^^<>^F\^.  212),  running  at 
:iO  miles  per  hour.     Assume  t\\at  l\\vi  Wvto\,W^  \a.  tvsA.  ^Mfiwj^^^ 
any  brakes  ap])lied,  but  thai  Ite  viu^vTvvi  eo\x\:m>\^  \j^  ^sxksJv.  •(^ 
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TABLE     XXTII. — VELOCITY      HEAD     (REPRESENTING     THE    KINETIC 
energy)   op   trains  MOVING  AT  VARIOUS    VELOCITIES. 


Vel. 

mi. 
hr. 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

10 

3.51 

3.58 

3.65 

3.72 

3.79 

3.87 

3.95 

4.02 

4.10 

4.17 

11 

4.25 

4.33 

4.41 

4.49 

4.57 

4.65 

4.73 

4.81 

4.89 

4.97 

12 

5.06 

5.15 

5.23 

5.32 

5.41 

5.50 

5.58 

5.67 

5.75 

6.84 

13 

5.93 

6.02 

6.12 

6.21 

6.31 

6.40 

6.50 

6.59 

6.69 

6.78 

14 

6.88 

6.98 

7.08 

7.19 

7.29 

7.39 

7.49 

7.60 

7.70 
8.77 

7.80 

15 

7.90 

8.00 

8.11 

8.22 

8.33 

8.44 

8.55 

8.66 

8.88 

16 

8.99 

9.10 

9.21 

9.32 

9.43 

9.55 

9.67 

9.79 

9.91 

10.03 

17 

10.15 

10.2/ 

10.39 

10.51 

10.63 

10.75 

10.87 

10.99 

11.12 

11.25 

18 

11.38 

11.50 

11.63 

11.76 

11.89 

12.02 

12.15 

12.28 

12.41 

12.55 

19 

12.68 

12.81 

12.95 

13.08 

13.22 

13.35 

13.49 

13.63 

13.77 

13.91 

20 

14.05 

14.19 

14.33 

14.47 

14.61 

14.75 

14.89 

15.04 

15.19 

15.34 

21 

15.49 

15.64 

15.79 

15.94 

16.09 

16.24 

16.39 

16.54 

16.69 

16.84 

22 

17.00 

17.15 

17.30 

17.46 

17.62 

17.78 

17.94 

18.10 

18.26 

18.42 

23 

18.58 

18./4 

18.90 

19.06 

19.22 

19.38 

19.55 

19.72 

19.89 

20.06 

24 

20.23 

20.40 

20.57 

20.74 

20.91 
22.66 

21.08 
22.84 

21.25 

21.42 

21.59 

21.77 

25 

21.95 

22.12 

22.30 

22.48 

23.02 

23.20 

23.38 

23.56 

26 

23.74 

23.92 

24.10 

24.28 

24.46 

24.65 

24.84 

25.03 

25  22 

25.41 

27 

25.60 

25.79 

25.98 

26.17 

26.36 

26.55 

26.74 

26.93 

27.13 

27.33 

28 

27.53 

27.73 

27.93 

28.13 

28.33 

28.53 

28.73 

28.93 

29.13 

29.33 

29  129.53 

29.73 

2:^.93 

30.13 

30.34 

30.55 

30.76 

30.97 

31.18 

31.39 

30 

31.60 

31.81 

32.02 

32.23 

32.44 

32.65 

32.86 

33.08 

33.30 

33.52 

31 

33.74 

33.96 

34.18 

34.40 

34.62 

34.84 

35.06 

35.28 

35.50 

35.72 

32 

35.95 

36.17 

86.39 

36.62 

36.85 

37.08 

37.31 

37.54 

37.77 

38.00 

33 

38.23 

38.46 

38.69 

38.92 

39.15 

39.38 

39.62 

39.86 

40.10 

40.34 

34 

40.58 

40.82 

41.06 

41.30 

41.54 

41.78 

42.02 
44.51 

42.26 

42.51 

42.76 

35 

43.01 

43.26 

43.51 

43.76 

44.01 

44.26 

44.76 

45.01 

45.26 

36 

45.51 

45.76 

46.01 

46.26 

46.52 

46.78 

47.04 

47.30 

47.56 

47.82 

37 

48.08 

48.34 

48.60 

48.86 

49.12 

49.38 

49.64 

49.91 

50.18 

50.45 

38 

50.72 

50.99 

51.26 

51.53 

51.80 

52.07 

52.34 

52.61 

52.88 

53.15 

39 

53.42 

53.69 

53.96 
56.75 

54.23 

54.51 

54.79 

55.07 
57.87 

55.35 

55.63 

55.91 

40 

56.19 

56.47 

57.03 

57.31 

57.59 

58.16 

58.45 

58.74 

41 

59.03 

59.32 

59.61 

59.90 

60.19 

60.48 

60.77 

61.06 

61.35 

61.64 

42 

61.94 

62.23 

62.52 

62.82 

63.12 

63.42 

63.72 

64.02 

64.32 

64.62 

43 

64.92 

65.22 

65.52 

65.82 

66.12 

66.43 

66.74 

67.05 

67.36 

67.67 

44 

67.98 

68.29 

68.60 
71.74 

68.91 

69.22 

69.53 
72.70 

69.84 

70.15 
73.34 

70.46 

70.78 

45 

71.10 

71.42 

72.06 

72.38 

73.02 

73.66 

73.98 

46 

74.30 

74.62 

74.94 

75.26 

75.59 

75.92 

76.25 

76.58 

76.91 

77.24 

47 

77.57 

77.90 

78.23 

78.56 

78.89 

79.22 

79.55 

79.89 

80.23 

80.57 

48 

80.91 

81.25 

81.59 

81.93 

82.27 

82.61 

82.95 

83  29 

83.63 

83.97 

49 

84.32 

84.66 

85.00 

85.34 

85.69 

86.04 

86.39 

86.74 

87.09 

87.44 

50 

87.79 

88.14 

88.49 

88.85 

89.20 

89.55 

89.91 

90.26 

i)0.61 

90.97 

same  draw-bar  pull.  At  A  its  "velocity  head"  is  that  due  to  30 
miles  per  hour,  or  31»60  feet,  At  B  it  has  gained  40  feet  more^ 
amnts  velocity  is  that  djiie  to  a  velocity  head  of  71. GO  feet,  or 

slightly  over  45  miles  per  hQur., ALU'  its  velocity  Is  a.^?osxv1Ks 

miles  per  honr'and  velocity  head^l.60  ieet.     KX.C  'Osv^^^^^^^^'^'^ 
head  IS  but  6.60  feet  and  the  velodtVabo\i^\"i.T  xm\^^  ^^xVa<»., 
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As  the  train  runs  from  C  to  D  its  velocity  increases  to  30  miles  at 
C  and  to  over  45  miles  per  hour  at  Z>.  At  E  the  velocity  again 
becomes  30  miles  per  hour.  Although  there  will  be  some  slight 
modifications  of  the  above  figures  in  actual  practice,  yet  the  above 
is  not  a  fanciful  theoretical  sketch.  Thousands  of  just  such 
undulations  of  grade  are  daily  operated  in  such  a  way,  -wHthout 
disturl^ing  the  throttle  or  applying  brakes,  and  the  draw-bar 
pull,  if  niejisured  by  a  dynamometer,  would  be  found  to  be 
practically  constant.     Of  course  the  above  case  assumes  that 

VTrtuar  profTl- 

I 


Actual  profile 


Fig.  212. 
there  are  no  stoppages  and  that  the  speed  through  the  sags  is 
not  so  groat  that  safety  reciuircs  the  application  of  brakes. 
Observe  that  the  'Sirtiud  profile"  is  here  a  straight  line — as  it 
always  is  when  the  draw-bar  pull  is  constant.  The  virtual 
profile  (in  this  case  as  well  as  in  every  other  case,  illustrations 
of  which  will  follow)  is  fomid  by  adding  to  the  actual  profile 
at  any  point  an  ordinate  which  represents  the  "velocity  head" 
due  to  the  velocity  of  the  train  at  that  point. 

As  another  case,  assume  that  a  train  is  climbing  the  grade  AE 
and  exerting  a  pull  just  suHicient  to  maintain  a  constant  velocity 
r  /  up  that  grade.  Then  A'B'  (parallel 
:  to  AB)  is  the  virtual  profile,  A  A' 
\  representing  the  velocity  head.  A 
stop  being  required  at  C,  steam  is 
shut  off  and  ])rakes  are  applied 
at  By  and  the  velocity  head  B& 
reduces  to  zero  at  C.  The  train 
starts  from  C,  and  at  D  attains  a  velocity  corresponding  to 
the  ordinate  Diy.  At  D  the  throttle  may  be  slightly  closed 
so  that  the  velocity  will  be  uniform  and  the  virtual  grade  is 
D'E\  parallel  to  DE. 

From  the  above  it  may  be  scon  that  a  virtual  profile  has  the 
following  prop^Ttios : 

(a)  When  the  velocity  is  uniform,  the  virtual  profile  is  parallel 
with  the  actual. 


Fig.  213. 
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(6)  When  the  velocity  is  increasing  the  profiles  are  sepfarating; 
when  decreasing  the  profiles  are  approaching. 

(c)  When  the  velocity  b  zero  the  profiles  coincide. 

433.  Use,  value,  and  possible  misuse^  The  essential  feature 
respecting  grades  is  the  demand  on  the  locomotive.  From  the 
foregoing  it  may  readily  be  seen  that  the  ruling  grade  of  a  road 
is  not  necessarily  the  steepest  nominal  grade.  When  a  grade 
may  be  operated  by  momentum^  i.e.,  when  every  train  has  an 
opportunity  to  take  *'a  run  at  the  hill,"  it  may  become  a  very 
harmless  grade  and  not  limit  the  length  of  trains,  while  another 
grade,  actually  much  less,  which  occurs  at  a  stopping-place 
for  the  heaviest  trains,  will  require  such  extra  exertion  to  get 
trains  started  that  it  may  be  the  worst  place  on  the  road,  There^- 
fore  the  true  way  to  consider  the  value  of  the  grade  at  any  criti- 
cal place  on  the  road  is  to  construct  a  virtual  profile  for  that 
section  of  the  road.  The  required  length  of  such  a  profile  is 
variable,  but  in  general  may  be  said  to  be  limited  by  points  on 
each  side  of  the  critical  section  at  which  the  velocity  is  definite, 
as  at  a  stopping-place  (velocity  zero),  or  a  long  heavy  grade  where 
it  is  the  minimmn  permissible,  say  10  or  15  miles  per  hour. 

Since  the  velocities  ©f  different  trains  vary,  each  train  wiU 
have  its  own  virtual  profile  at  any  particular  place.  The  fast 
passenger  trains  are  generally  unaffected,  practically .^  The 
requirement  of  high  average  speed  necessitates  the  use  of  power- 
ful engines,  and  grades  which  would  staU  a  heavy  freight  will 
only  cause  a  momentary  and  harmless  reduction  of  ^eed  oi 
the  fast  passenger  train. 

A  possible  misuse  of  virtual  profiles  Hes  in  the  chance  that  a 
station  or  railroad  grade  crossing  may  be  subsequently  located 
on  a  heavy  grade  that  was  designed  to  be  operated  by  momen- 
tum. But  this  should  not  be  used  as  an  argument  against  the 
employment  of  a  virtual  profile.  The  virtual  profile  shows  the 
actual  state  of  the  case  and  only  points  out  the  necessity,  if  an 
unexpected  requirement  for  a  full  stoppage  of  trains  at  a  critical 
point  has  developed,  of  changing  the  location  (if  a  station),  or 
of  changing  the  grade  by  regrading  or  by  using  an  overhead 
•crossing.  Examples  of  such  modifications  are  given  in  Chap- 
ter XXIV,  The  Improvement  of  Old  Lines. 

434.  Undulatory  grades.  Advantages.  Money  can  generally 
•be  saved  by  adopting  an  actual  profile  which  is  not  strictly 
.uniform — the  matter  of  compensation  for  curvature  bein^Vxax^ 
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ignored.  Its  eflfcct  on  the  operation  of  trains  is  harmless  pro- 
vided the  sag  or  hump  is  not  too  great.  In  Fig.  214  the  undu- 
latory  grade  may  actually  be  operated  as  a  uniform  grade  AG. 
The  sag  at  C  must  be  considered  as  a  sag,  even  though  BC  is  actu- 
ally an  up  grade.     But  the  engine  is  supposed  to  be  working 


Fio.  214. 
hard  enough  to  carry  a  train  at  uniform  velocity  up  a  grade  AG. 
Therefore  it  gains  in  velocity  from  B  to  C,  and  from  C  to  D  loses 
an  equal  amount.  It  may  even  be  proven  that  the  titne  re- 
quired to  pass  the  sag  will  be  slightly  less  than  the  time  required 
to  run  the  uniform  grade. 

Disadvantages.  The  hump  at  F  is  dangerous  in  that,  if  the 
velocity  at  E  is  not  equal  to  that  corresponding  to  the  extra 
velocity-head  ordinate  at  F,  the  train  will  be  stalled  before 
reaching  F.  In  practice  there  should  be  considerable  margin. 
Any  train  should  have  a  velocity  of  at  least  10  miles  per  hour 
in  passing  any  summit.  This  corresponds  to  a  velocity  head 
of  3.51  feet.  An  extra  heavy  head  wdnd,  slippery  rails,  etc., 
may  use  up  any  smaller  margin  and  stall  the  train.  If  the 
grade  AG  is  a  ruling  grade,  then  no  hump  should  be  allowed 
under  any  circumstances.  For  the  heaviest  trains  are  supposed 
to  be  so  made  up  that  the  engine  will  jtcst  haul  them  up  the 
ruling  grades — of  course  with  some  margin  for  safety.  Any 
increase  of  this  grade,  however  short,  would  probably  stall  the 
train. 

Safe  limits.  It  is  quite  possible  to  have  a  sag  so  deep  that 
it  is  not  safe  to  allow  freight  trains  to  rush  through  them  with- 
out the  use  of  brakes.  The  use  of  brakes  of  course  adds  a 
distinct  element  of  cost.  To  illustrate:  If  a  freight  train  is 
running  at  a  velocity  of  20  miles  per  hour  (velocity  head  14.05 
feet)  and  encounters  a  sag  of  25  feet,  the  velocity  head  at  the 
bottom  of  the  sag  will  be  30.05  feet,  which  corresponds  to  a 
velocity  of  33.3  miles  per  hour.  This  approaches  the  limit  of 
safe  speed  for  freight  trains,  and  certainly  passes  the  limit  for 
trains  not  equipped  with  air-brakes  and  automatic  couplers. 
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The  term  "safe  limits  "  as  used  here,  refers  to  the  limits  within 
which  a  freight  train  may  be  safely  operated  without  the  appli- 
cation of  brakes  or  varying  the  work  of  the  engine.  Of  course 
much  greater  undulations  are  frequently  necessary  and  are 
safely  operated,  but  it  should  be  remembered  that  they  add  a 
distinct  element  to  the  cost  of  operating  trains  and  that  they 
must  not  be  considered  as  harmless  or  that  they  should  be 
introduced  unless  really  necessary. 


MINOR   GRADES. 

435.  Basis  of  cost  of  minor  grades.  The  basis  of  the  com- 
putation of  this  least  objectionable  form  of  grade  is  as  follows: 
The  resistance  encountered  by  a  train  on  a  level  straight  track 
is  somewhat  variable,  depending  on  the  velocity  and  the  num- 
ber and  character  of  the  cars,  but  for  average  velocities  we 
may  consider  that  10  lbs.  per  ton  is  a  reasonable  figure.  This 
value  agrees  fairly  well  with  the  results  of  some  dynamometer 
tests  made  by  Mr.  P.  H.  Dudley,  using  a  passenger  train  of 
313  tons  running  at  about  50  miles  per  hour.  It  also  agrees 
with  Searles's  formulae  (leased  on  experiments)  for  the  resist- 
ance of  a  freight  train  with  40  cars  running  25  miles  per  hour. 
Ten  pounds  per  ton  is  the  grade  resistance  of  a  0.5%  grade,  or 
that  of  26.4  feet  per  mile.  On  the  above  basis,  a  0.5%  grade 
will  just  double  the  tractive  resistance  on  a  level  straight  track. 
We  may  compute,  as  in  the  previous  chapter,  the  cost  of  doubling 
the  tractive  resistance  for  one  mile.  But  since  the  extra  resist- 
ance is  due  to  lifting  the  train  through  2G.4  feet  of  elevation, 
we  may  divide  the  extra  cost  of  a  mile  of  0.5%  grade  by  26.4 
and  we  have  the  cost  of  one  foot  of  difference  of  elevation,  and 
then  (disregarding  the  limiting  effect  of  grades)  we  may  say  that 
this  cost  of  one  foot  of  difference  of  elevation  will  be  independent 
of  the  rate  of  grade.  There  are,  however,  limitations  to  this 
general  proposition  which  will  be  developed  in  the  next  section. 

436.  Classification  of  minor  grades.  These  are  classified  with 
reference  to  their  effect  on  the  operation  of  trains.  In  the  first 
class  are  grades  which  may  be  operated  without  changing  the 
work  of  the  engine  and  which  have  practically  no  other  effect 
than  a  harmless  fluctuation  of  the  velocity.  But  a  grade  which 
belongs  to  this  class  when  considering  a  fast  passenger  train  will 
belong  to  another  class  when    considering  a  slo^  Vsvi^  V<a»r^ 
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freight  train.  And  since  it  is  the  slow  heavy  freight  trains 
which  must  be  chiefly  considered,  a  grade  wUl  usually  be  classi- 
fied with  respect  to  them.     The  limit  of  class  A  (the  harmless 

class)  therefore  depends  on  the 
n'     ^^^"^     maxinmm  allowable  speed.     The 

effect  of  a  sag  on  speed  will  de|)end 

-'J^^^^^,..^!/^  on  the  vertical  feet  of  drop  rather 

B  than    on   the    rate  of   grade,  for 

with  the  engine  working  as  usual 

on  even  a  light  down  grade  a  train 
would  soon  exceed  permissible  speed.  Assume  that  a  freight 
train  runs  at  an  average  speed  of  15  miles  per  hour  vdth  a 
minimum  of  10  miles  and  a  permissible  maximum  of  30  miles 
per  hour.  Assume  that  a  train  nms  up  the  grade  at  A  with 
a  uniform  velocity  of  15  miles  per  hour,  i.e.,  the  engine  is 
working  so  that  the  velocity  would  be  uniform  to  C.  How 
much  sag  (BB^)  can  there  be  without  the  speed  exceeding  30 
miles  per  hour? 

Velocity  head  for  30  miles  per  hour 31 .  60 

''  "     ''    15     ''      ''       ''    7.90 

The  drop  BB'  vAW  therefore  be 23.70 

WOmIc  each  case  must  be  figured  by  itself,  'eonsidering  .the 
probable  velocity  of  approach  and  the  maximum  permissible 
velocity,  we  may  say  that  a  sag  of  ahmit  24  feet  will  ordinarily 
mark  the  limit  of  this  class.  With  a  higher  velocity  of  approach 
even  this  limit  will  be  much  reduced. 

The  dlassification  therefore  applies  to  sags  and  -humps  and 
to  the  vortical  feet  of  drop  or  climb  which  are  involved,  rather 
than  ito  grade  per  se.  The  practical  application  of  these  prin- 
ciples is  necessarily  confined  to  humps  or  sags  which  are  pos- 
sibly removable  and  does  not  apply  to  the  long  grades  whidh 
aire  essential  to  connect  predetermined  points  of  the  route — 
grades  which  are  irreducible  except  by  development  and  which 
must  be  studied  as  ruling  grades  (see  §§  440-445). 

The  application  the'iefore  consists  in  the  comparative  study 

of  two  proposed  grades,  noting  the  relative  energy  required 

to  operate  them  and  the  probable  cost.     The  depth  in  feet 

£»ved  would  be  the  maximum  di^eTo^iveCi  \ic^^N^TL  the  grades, 

said  the  classification  will  depend  o\\  \Xi^  u^c-^^essr^  ts^s^^  ^ 

operating  the  trains. 
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The  next  (4staSiSificatio&  (B)  appidies  to  dropB  80'  deep  tluit 
steam  must  be  shut  off  when  descending  the  grade,  while  the- 
work  requdired  of  the  engine  when  ascending  the  opposite  grade 
is  correspondingly  inereased.  The  loss  is  not  so  serious  as 
in  the  next  case,  but  the  inability  of  the  engine  to  work  con- 
tinuously may  result  in  a  failure  to  accumulate  sufficient  kinetic 
energy  to  carry  the  train  over  a  succeeding  summit. 

The  third  class  (C)  includes  the  grades  so  long  that  brakes 
must  be  applied  to  prevent  excessive  velocity.  The  loss^  m- 
volved  is  very  heavy;  the  brakes  require  power  for  their  appli- 
cation, they  wear  the  brake-shoes  and  wheel-tires,  they  destroy 
kinetic  or  potential  energy  which  had  previously  been  created, 
while  the  tax  on  the  locomotive  on  the  corresponding-  ascend- 
ing grade  is  very  great.  The  ascending  grade  may  or  may  not 
be  a  ruling  grade. 

437.  Effect  on  operating  expenses.  As  in  Chapter  XXII 
we  may  at  once  throw  out  a  large  proportion  of  the  items  erf 
expense  of  an  average  train-mile.  In  "maintenance  of  way 
and  structures"  items  4  to  10  are  evidently  unaffected. 

Item  I.  Repairs  of  Roadway.  It  is  very  plain  that  a 
large  proportion  of  the  sub-items  are  absolutely  unaffected 
by  minor  grades.  In  fact  it  is  a  little  difficult  to  ascribe  any 
definite  increase  to  any  sub-item.  The  rail  wear  is  somewhat 
increased  and  this  will  have  some  effect  on  the  trackwork, 
but  on  the  otlier  hand  the  increased  grade  sometimes  results 
in  better  drainage  and  therefore  less  work  to  keep  the  traek 
in  condition.  Wellington  allows  5%  increase  as  a  "liberal 
estimate"  for  class  C,  and  no  increase  for  the  other  classes. 

Item  2.  Renewals  of  Rails.  Observations  of  rail  wear 
en  heavy  grades  show  that  it  is  much  greater  than  on  level 
tangents.  But  usually  such  heavy  grades  are  operated  by 
shorter  trains  or  with  the  help  of  pusher  engines,  and  the  pro- 
pdrtion  of  engine  tonnage  to  the  total  is  much  greater  than  is 
ordinarily  the  case  And  since  an  engine  has  much  greater 
effect  on  rail  wear  than  cars,  particularly  on  account  of  the 
use  of  sand,  an  excess  of  engine  tonnage  would  have  a  marked 
effect.  But  such  circumstances  would  inevitably  accompany 
ruling  grades  and  not  minor  grades.  Nevertheless  the  effect 
of  the  use  of  sand  on  up  grades  and  the  possible  skvdsk\\\%  ^ 
wheels  on  down  grades  will  weaT  t\ve  TaWs  «,otcv^^\vs^V.  ^^^^e;^^ 
the  possible  sUppin^  of  the  drivers,  aU\\OM^  «,^xvA.Na.  ^^'^  nssr^-* 
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will  wear  the  rails.  Wellington  allows  10%  increase  for  class 
C  and  5%  for  class  B, 

Item  3.  Renewals  of  Ties.  The  added  wear  of  ties  might 
be  considered  proportional  to  that  of  the  rails  except  that,  as 
in  the  case  of  the  roadbed  in  gcjneral,  tlie  better  drainage  secured 
by  the  grade  will  tend  to  increase  the  life  of  the  ties.  Welling- 
ton makes  the  estimate  the  same  as  for  item  1,  5%  for  class  C 
and  no  increase  for  the  other  classes. 

Maintenance  of  equipment.  Items  11,  16,  17,  18,  and  19 
are  evidently  unaffected.  Items  12  to  15.  The  chief  sub- 
items  of  increase  will  evidently  be  the  repairs  and  renewals  of 
wheels  and  brake-shoes  both  for  locomotives  and  cars.  In 
the  case  of  cars  the  draw-bar  is  apt  to  suffer  from  severe  alter- 
nate compression  and  extension  due  to  push  and  pull.  The 
locomotive  mechanism  will  suffer  somewhat  from  the  extra 
demands  on  it,  and  the  boiler  on  account  of  the  intermittent 
character  of  the  demands  on  it.  It  would  seem  as  if  such 
effects  would  be  quite  large,  but  an  examination  of  the  com- 
parative records  of  engine  and  car  repairs  on  mountain  divisions 
and  on  comparatively  level  divisions  shows  no  such  difference 
as  might  be  expected.  On  this  account  Wellington  cuts  down 
these  items  to  4%  for  class  C  and  1%  for  class  B, 

Conducting  transportation.  As  in  Chapter  XXI,  §  407,  since 
the  resistance  is  assumed  to  be  doubled,  we  may  take  the  same 
figure  (55%)  as  the  cost  of  the  fuel  for  climbing  the  26.4  feet. 
But  the  total  cost  of  both  the  rise  and  fall  is  to  be  considered. 
In  class  J5,  although  steam  is  shut  off,  heat  (and  fuel)  is  wasted 
by  mere  radiation.  This  has  been  estimated  (Chapter  XXI, 
§  407)  as  about  5%.  Therefore  we  may  allow  60%  for  class  B, 
For  class  C  we  must  allow  in  addition  the  energy  spent  in 
applying  brakes,  which  we  may  assume  as  5%  more,  making 
65%.  Items  23,  24,  and  25  may  be  estimated  similarly.  The 
other  items  under  this  head  as  well  as  General  Expenses  are 
evidently  unaffected. 

438.  Estimate  of  the  cost  of  one  foot  of  change  of  elevation. 
Collecting  these  estimates,  we  have  the  accompanying  tabular 
form,  showing  that  the  percentage  of  increase  for  operating 
grades  of  class  B  or  class  C  will  be  6.77%  and  8.50%.,  respect- 
ively.  On  the  basis  of  an  average  cost  of  95  c.  per  train-mile, 
the  additional  cost  for  the  26.4  ieel  m  owvi  \tvA^  ^onA^Vs^  6,43  c. 
&nd  8,13  c,  or  0.24  c.  and  0.31  c.  pcx  ioo\..    \^ox  feiwi)£i\jK«a!LV2^ 
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day  each  way  per  year  the  value  per  foot  of  difference  of  d»- 
vation  is: 

Forclass^:  2 X 365 X $0.0024  =$1.75; 
''      '*    C:  2X365X$0.0031=$2.26. 

It  will  frequently  happen  that  a  grade  must  be  considered  as 
belonging  to  class  C  for  heavy  freight  trains,  and  that  it  belongs 
to  class  B  or  even  class  A  for  other  trains.  If  no  Sunday  trains 
are  run,  313  should  be  used  instead  of  365  as  a  multiplier  in 
the  above  equations. 

439«  Operating  value  of  the  removal  of  a  hump  in  a  grade. 
As  a  simple  illustration  of  the  above,  suppose  that  the  irregular 
grade  A  BCD  may  be  cut  down  to  the  uniform  grade  AD,  either 
by  direct  lowering  of  the  track  or  by  a  modification  of  align- 
ment. If  a  freight  train,  running  to  the  left,  passes  C  at  a  veloc- 
ity of  15  miles  per  hour  (velocity  head,  7.90  feet)  and  drops 


Fig.  216. 

down  to  B  (a  vertical  fall  of  62.40  feet)  without  shutting  off 
steam,  its  velocity  head  at  B  would  be  70.30  feet  and  its  velocity 
44.8  miles  per  hour,  which  is  inadmissible.  Therefore  the  hump 
certainly  does  not  belong  to  class  A,  for  freight  trains.  Sup- 
pose that  steam  is  shut  off  when  passing  C.  Then,  if  we  con- 
sider the  average  value  of  0.5%  as  the  grade  which  is  equivalent 
to  the  normal  rolling  resistances,  we  may  consider  the  1.3% 
grade  as  an  0.8%  grade,  dowA  which  the  train  passes  without 
resistance.  An  0.8%  grade  for  4800  feet  would  be  a  drop  of 
38.40  feet,  and  the  velocity  head  at  B  would  be  7.90  +  38.40  = 
46.30  feet,  and  the  velocity  would  be  36.3  miles  per  hour,  which 
may  or  may  not  be  considered  as  inadmissible  for  freight  trains. 
According  to  the  decision  the  grade  belongs  to  class  C  or  to 
class  B.  For  trains  moAdng  to  the  right,  or  up  grade,  t\\ex^>&^^ 
definite  criterion,  but  a  grade  of  \.Z%  is  a.  ^esr^T^  X.^-^  wv  vv.\^^^ 
motive,  even  if  it  is  not  a  ruling  grade,    \^TvQiVvw%\V<s»  v^"^^   "^ 
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TABLE  XXIV. — ^EFFECT    ON    OPERATING    EXPENSES    OP    CHANGES 
IN    GRADE. 


Item  (abbreviated).* 

Normal 
average. 

Class  B. 

Class  C. 

No. 

Per  cent 
affected 

Cost 
per  mile 

Per  cent 
affected 

Cost 
per  mile 

I 

Roadway. , 

10.596 
1.440 
3.093 
5.533 

0 
6 
0 
0 

0 
.07 

0 

5 

10 

5 

0 

.53 
.14 

2 

Rails 

3 

Ties 

.15 

4-10 

Bridges,  buildings,  etc . 
Maintenance  of  way. 

0 

20.662 

.07 

.82 

11 
12 
13 
14 
15 
16 
17 

Superintendence 

Repairs  locomotives  . . 
Repairs  pass,  oars  .... 
Repairs  freight  cars . .  . 
Repairs  work  cars  .... 

Marine  equipment 

Shops 

.650 

5.879 

2.209 

6.765 

.156 

.209 

.490 

.040 

.495 

0 

1 
1 
1 
1 
0 
0 
0 
0 

0 

.06 

.02 

.07 

.00 

0 

0 

0 

0 

0 
4 
4 
4 
4 
0 
0 
0 
0 

0 
.23 
.09 

:S 

0 
0 

18 
19 

Stat,  and  printing 

Other  expenses 

Main,  of  equip 

0 

0 

16.892 

.15 

.65 

20 
21 

Superintendence 

Enginemen 

1.761 

9.781 

9.681- 

.671 

.376 

.184 

35.340 

0 
0 
60 
60 
60 
60 

0 

0 

0 

5.81 

.40 

.23 

.11 

0 

0 
0 
65 
65 
65 
65 

0 

0 
0 

22 

Fuel 

6  29 

23 

Water 

.44 

24 

Oil,  etc 

.24 

25 
26-46 

Other  supplies 

Train   service,   station 
service,  etc 

.12 
0 

Conducting  tran.sp .  . 

57 . 794 

6.55 

7.09 

47-53 

General  expenses 

4.653 

0 

0 

0 

0 

100.000 

6.77 

8.56 

*  For  full  title  of  item  see  Table  XX. 

limiting  effect  (which  is  a  separate  matter),  the  value  of  the 
33.6  feet  is  evidently 

33.6  X  $2.26  =$75.94  per  daily  train  for  class  C 
and 

33.6X$1.75=$58.80  ''      '*       ''      "      *'     B. 

Assuming  that  there  are  six  daily  trains  each  way  for  which  tb© 

grade  would  be  classified  as  C,  and  four  others  which  could 

operate  the  grade  asa"  B"  grade,  the  total  annual  cost  would  be 

6  XsS75.94  =$455.64 
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This  annual  cost,  capitalized  at  5%,  equals  $13817,  which 
is  the  justifiable  expenditure  to  avoid  the  hump.  Assuming 
that  the  cut  would  involve  300000  cubic  yards,  at  20  c.  por 
cubic  yard,  it  would  cost  $60000  to  make  the  through  cut.  On 
the  above  basis  the  cut  would  not  be  justifiable,  but  a  small 
part  of  such  cutting  would  so  reduce  the  hump  that  it  would 
not  belong  to  class  C  for  any  trains,  and  it  might  even  be  re- 
duced to  class  A.  Of  course  other  solutions  are  possible.  A 
slightly  different  route  may  be  chosen  from  B  to  D,  involving 
a  different  distance,  different  curvature,  and  a  marked  reduc- 
tion in  the  hump.  The  effect  of  all  such  changes  must  be  com- 
bined and  their  riet  effect  determined 


RULING   GRADES. 

440.  Definition.  Ruling  grades  are  those  which  limit  the 
weight  of  the  train  of  cars  which  may  be  hauled  by  one  engine. 
The  subject  of  "pusher  grades"  will  be  considered  later.  For 
the  present  it  will  suffice  to  say  that  on  all  well-designed  roads 
the  large  majority  of  the  grades  on  any  one  division  are  kept 
below  some  limit  which  is  considered  the  ruling  grade.  If  a 
heavier  grade  is  absolutely  necessary  no  special  expense  will 
be  made  to  keep  it  below  a  rate  where  the  resistance  is  twice 
(or  possibly  three  times)  the  resistance  on  the  ruling  grade,  and 
then  the  trains  can  be  hauled  unbroken  up  these  few  special 
grades  wdth  the  help  of  one  (or  two)  pusher  engines.  So  far 
as  limitation  of  train  length  is  concerned,  these  pusher  grades 
are  no  worse  than  the  regular  ruling  grades  and,  except  for  the 
expense  of  operating  the  pusher  engines  (which  is  a  separate 
matter),  they  are  not  appreciably  more  expensive  than  any 
ruling  grade.  As  before  stated,  the  engineer  cannot  alter  very 
greatly  the  general  level  of  the  road  when  the  general  route  has 
been  decided  on.  He  may  remove  sags  or  humps,  or  he  may 
lower  the  natural  grade  of  the  route  by  development  in  order 
to  bring  the  grade  within  the  adopted  limit  of  ruling  grade. 
The  financial  value  of  removing  sags  and  humps  has  been  con- 
sidered. It  now  remains  to  determine  the  financial  relation 
between  the  lowest  permissible  ruling  grade  and  the  money 
which  may  profitably  be  spent  to  secure  it. 

441.  Choice  of  ruling  grade,     ll  is  ol  eo^lx^^\xoL^'^^vfi^C^R'^s5sfc\^ 
an  engine  to  drop  off  or  pick  \ip  cax^  acc.at^v£v^\*^'Ocs&^^^^^^ 
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which  may  be  encountered  along  the  line.  A  train  load  is  made 
up  at  one  terminus  of  a  division  and  must  run  to  the  other 
terminus.  Excluding  from  consideration  any  short  but  steep 
grades  which  may  alwaijs  be  operated  by  momentum,  and  also 
all  pusher  grades,  the  maximum  grade  on  that  division  is  the 
ruling  grade. 

It  will  evidently  be  economy  to  reduce  the  few  igrades  which 
naturally  would  be  a  little  higher  than  the  great  majority  of 
oth(*rs  imtil  such  a  large  amount  of  grade  is  at  some  uniform 
limit  that  a  reduction  at  all  these  places  w^ould  cost  more  than 
it  is  worth.  The  precise  determination  of  this  limit  is  prac- 
tically impossible,  but  an  approximate  value  may  be  at  once 
dctcirmined  from  a  general  survey  of  the  route.  The  distance 
apart  of  the  termini  of  the  division  into  their  difference  of  ele- 
vation is  a  first  trial  figure  for  the  rate  of  the  grade.  K  a  grade 
even  approximately  imiform  is  impossible  owing  to  the  eleva- 
tions of  predetermined  intermediate  points,  the  worst  place 
may  be  selected  and  the  natural  grade  of  that  part  of  the  route 
determined.  K  this  grade  is  much  steeper  than  the  general 
run  of  the  natural  grades,  it  may  be  policy  to  reduce  it  by  devel- 
opment or  to  boldly  plan  to  operate  that  place  as  a  pusher 
grade.  The  choice  of  possible  grades  thus  has  large  limita- 
tions, and  it  justifies  very  close  study  to  determine  the  best 
combination  of  grades  and  pusher  grades.  When  the  choice 
has  narrowed  down  to  two  limits,  the  lower  of  which  may  be 
obtained  by  the  expenditure  of  a  definite  extra  sum,  the  choice 
may  be  readily  computed,  as  will  be  developed. 

442.  Maximum  train  load  on  any  grade.  The  tractive  ]X)wer 
of  a  locomot  ive  ho-s  hven  discussed  in  Chap.  XV,  §  322.  The 
net  train  load  which  may  be  placed  behind  any  engine  is  the 
diffiTence  between  the  weight  of  the  engine  itself  and  the  gross 
load  which  can  be  handled  under  the  given  circumstances,  with 
a  given  weight  on  the  drivers.  Since  the  design  of  locomotives 
Ls  so  \'ariable,  it  is  impracticable  to  show  in  tabular  form  the 
power  of  all  kinds  of  locomotives  on  all  grad(\s.  In  Table  XXV 
are  given  the  tractive  powers  of  locomotives  of  a  wide  range  of 
types  and  w(;ights  and  with  various  ratios  of  adhesion.  They 
may  b(j  accc^ptod  as  typical  figures  and  will  serve  to  compute  the 
effect  of  variations  of  grade  on  train  load.  In  Table  XXVI  is 
S^i'ven  fhr  total  train  ^^sistaucc  inpovrndspex  t\w\  (or  various  grades 
and  for  various  values  of  track  resisV^iivQe^,    ^^^  ^  ^<i\x^\a»iCvi\!k 
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TABLE    XXV. — TRACTIVE     PO\^'ER     OF    VARIOUS    TYPES    OF    LOCO- 
MOTIVES AT  VARIOUS  RATES   OF  ADHESION. 


Kind. 

Gauge. 

Total  weight 

of  engine  and 

tender. 

Weight 
of  en- 
gine 
only. 

Weight 
on 

drivers. 

Tractive  power  when 
rate  of  adhesion  is 

11^. 

tons. 

i 

^ 

i 

American..  . 
Mogul 

Nar. 

49,000 
80.000 
81,000 

24.5 

40 

40.5 

32,(K)0 
49,00{^ 
51,000 

22,000 
32,000 
42,000 

5,500 
8,000 
10,500 

4,950 
7,200 
9,450 

4,400 
6.400 
8,400 

10-wheel.  .  . 
Consol 

*;'; 

87,000 
62,000 
144,000 

43.5 

31 

72 

55,000 
39,000 
94,000 

42,000 
34,000 
84,000 

10,500 

8,500 

21,000 

9.450 
7,650 
18,900 

8,400 
6,800 
16,800 

American..  . 
"Chautau". . 
Mogul 

Stand. 

104,000 
314,600 
206.000 

52 

157.3 
103 

62,000 
190,600 
126,000 

40,000 
99,400 
106,400 

10,000 
24,850 
26,600 

9.o;w 

22.365 
23.940 

8,000 
19,880 
21,280 

10-wheel  .  .  . 
Co-sol 

•' 

276,000 
214,000 
324,800 

138 
107 
162.4 

176,510 
120.000 
204300 

127,010 
106,0(X) 
181,200 

31,752 
26.500 
45,300 

28,577 
23,850 
40,770 

25,402 
21,200 
36,240 

of  these  two  tables  the  net  train  load  on  any  grade  under  given 
conditions  may  be  quickly  determined  For  example,  an 
ordinary  consolidation  engine  having  a  weight  of  106000 
pounds  on  the  drivers  (see  Table  XXV)  wall  have  a  tractive 
force  of  26500  pounds  under  fair  conditions  of  track,  when  the 
adhesion  ratio  is  J.  When  climbing  slowly  up  a  grade  of  1.30% 
the  tractive  resistance  will  be  about  32  pounds  per  ton  if  the  roll- 
ing-stock and  track  are  fair — assuming  a  tractive  resistance  on 
a  level  of  6  pounds  per  ton.  Dividing  26500  l^y  32  we  have 
828  tons,  the  gross  train  load.  Subtracting  107  tons,  the  weight 
of  the  engine  and  tender  in  working  order,  we  have  721  tons, 
the  net  load.  Incidentally  we  may  note  that,  cutting  down 
the  grade  to  0.90%  (a  reduction  of  only  21.12  feet  per  mile), 
the  resistance  per  ton  is  reduced  to  24  pounds  and  the  gross 
train  load  is  increased  to  1104  tons  and  the  net  load  to  997 
tons — an  increase  of  about  38%. 

As  another  numerical  example,  consider  a  contractor's  loco- 
motive (not  referred  to  in  Table  XXV),  a  light  four-wheel-con- 
nectcd-tank  narrow-gauge  engine,  with  a  total  weight  of  12000 
pounds,  all  on  the  drivers.  On  the  rough  temporary  track 
used  by  contractors  the  tractive  ratio  may  l)e  as  low  as  J. 
The  tractive  adhesion  should  therefore  be  l^Vev  'a^  1^>^Vs  ^v^^xc^sSss. 
Assume  that  the  grade  when  ha\i\\ng  *'  extt^Vi^^"  *vs>  N-in^J^i  "^^^^ 
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that  the  toctive  resistance  on  sucli  a  track  on  a  level  is  1*0. pounds, 
per  ton.  By  Table  XXVI,  the  totai  train  resistance  is  therefore 
(by  interpolation)  104  pounds  per  ton.  2400-^-104  =23  tons; 
subtracting  the  weight  of  the  engine  we  liave  17  tons,  the  net 
load  of  empty  cars — perhaps  twenty  cars  weighing  1700  pounds 
per  car. 

In  general,  and  to  compute  accurately  the  train  Ibad  under 
conditions  not  exactly  given  in  the  tables,  the  maximuncL  train- 
load  may  be  computed  according  to  the  following,  rule : 

The  maximum  load  behind  an  engine  on  any  grade  may  be 
found  by  multiplying  the  weight  on  the  drivers  by  the  ratio  of 
adhesion  and  dividing  this  by  the  sum  of  the  grade  and  tractive 
resistances  per  ton;  this  gives  the  gross  load,  from,  whichi  the 
weight  of  the  engine  and  tender  must  be  subtracted  to  find"  the: 
net  load. 

443.  Proportion  of  the  trafiic  affected  by  the  ruling  grade* 
Some  very  light  traffic  roads  are  not  so  fortunate  as  to  have 
a  traffic  which  will  be  largely  affected  by  the  rate  of  the  ruling 
grade.  Whpn  passenger  traffic  is  light,  and  Avhen,  for  the  sake 
of  encouraging  traffic,  more  frequent  trains  are  run  than  are 
riequircd  from  the  standpoint  of  engine  capacity,  it  may  happen 
that  no  passenger  trains  are  really  limited  by  any  grade  on  the 
road — i.e.,  an  extra  passenger  car  could  be  added  if  needed. 
The  maximum  grade  then  has  no  worse  e^ect  (for  passenger 
trains)  than  to  caupc  a  harmless  reduction  of  speed  at  a  few  points. 
The  local  freight  business  is  frequently  affected  in  pra,ctaGaHy 
the  same  way.  All  coal,  mineral,  or  timber  roads  are  affected 
by  the  rate  of  ruling  grade  as  far  as  such,  traffic  is  concerned. 
Likewise  the  through  business  in  general  merchandise,  esj>ecially 
of  the  heavy  traffic  roads,  will  generally  be  affected,  by  the  rate 
of  ruling  grade.  Therefore  in  computing  the  effect  of  ruling 
grade,  the  total  number  of  trains  on  the  road  should  not  ordi- 
narily be  considered,  but  only  tJie  trains  to  which  cars  are  added, 
until  the  limit  of  the  hauling  power  of  the  engine  on  the  ruling 
grades  is  reached. 

444.  Financial  value  of  increasing  the  train  load.  The  gross 
receipts  for  transporting  a  given  amount  of  freight  is  a  definite 
sum  regardless  of  the  number  of  train  loads.  The  cost  of  a 
train  mile  is  practically  constant.     If  it  were  exactly  so,  the 

saving  in    opcraimg   expenses  \vou\d  be  ^tTvetly   proportional 
to  the  uuinbcr  of  trains  saved,    B-ow  \\'\W.  Vt\a  ^q^\»  ^\  \iwi»^ 
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TABLE    XXVI. — TOTAL    TRAIN    RESISTANCE    PER    TON    (OP    2000 
pounds)   ON  VARIOUS  GRADES. 


When  tnwl 

ivo  re- 

When tractive 

FQ- 

Grade. 

siiitance  an  a  levtl 

Grade. 

stalnncc  lift  n  levei 

m  ixjumb  jier  ton  is 

injpouml&pertonia 

Kato 

Fttt 

llaU 

Fcwt 

per 

ppr 

0 

r 

S 

ft 

10 

pfcr 

per 

6 

7 

S 

9 

10 

oent. 

mi  la. 

cent. 

uiilo. 

O.fW^ 

U.OO 

6 

r 

S 

ft 

10 

3.00 

106,60 

46 

47 

48 

49 

5r> 

A^3 

2. 04 

7 

8 

9 

10 

11 

.05 

10S.24 

47 

4S 

49 

.50 

51 

.10 

5.28 

R 

0 

10 

U 

12 

.10 

110,88 

48 

49 

50 

51 

52 

,15 

7.92 

ft 

10 

U 

12 

13 

.15 

113.52 

49 

50 

51 

.53 

53 

.20 

10.50 

to 

n 

12^ 

13 

14 

,20 

116.16 

50 

51 

52 

53 

51 

0.25 

13.20 

tl 

12 

13 

14 

15 

2.25 

iia.ao 

51 

52 

53 

51 

55 

.30 

15,84 

12 

13 

M 

15 

16 

,30 

121.4-t 

52 

53 

^ 

55 

53 

.35 

lS.4g 

13 

M 

i.:i 

16 

17 

,35 

124.08 

63 

64 

65 

55 

57 

M} 

21.12 

14 

ir. 

10 

17 

13 

,40 

126.72 

54 

55 

,56 

5/ 

,^ 

.45 

23.75 

\n 

10 

17 

l« 

\9 

.45 

129,36 

55 

60 

57 

58 

.59 

o.mi 

36.40 

m 

17 
18 

IH, 

19 

20 

2,50 

132.00 

5e 

57 

58 

5fl 

m 

60 

.h^ 

39.04 

17 

19 

20 

21 

.55 

134.64 

57 

58 

59 

61 

.m 

SI.  68 

m 

ig 

2ri 

21 

22 

.60 

137,28 

68 

50 

60 

61 

62 

.65 

34.32 

10 

20 

21 

22 

23 

,6,'> 

139.92 

59 

m 

01 

62 

63 

.70 

36. 9B 

20 

21 

22 

23 

24 

.70 

142,56 

6t} 

61 

02 

6^ 

64 

0.75 

39- GO 

21 

22 

23 

24 

25 

2.75 

145.20 

61 

62 

63 

64 

65 

.BO 

42.24 

22 

23 

24 

25 

2fi, 

.80 

M47.84 

62 

63 

64 

65 

m 

.85 

44.  RS 

23 

24 

25 

2B 

27 

.85 

150, 4« 

63 

64 

66 

66 

67 

.90 

47.62 

24 

25 

26 

27 

2ft 

.90 

153,12 

64 

65 

66 

67 

68 

0.D5 

50.10 

25 

2(1 

27 

28 

29 

.95 

155.70 

65 

66 

67 

m 

69 

1.00 

52.80 

26 

27 

28 

20 

7Ai 

3,(K) 

15S.40 

66 

67 

68 

69 

70 

,m 

55.44 

27 

28 

2ft 

3f> 

31 

.05 

161.04 

67 

08 

69 

71, 

71 

.10 

5s.ns 

28 

26 

30 

31 

:*2 

.10 

163. 6& 

68 

69 

70 

71 

72 

.15 

60.73 

2ft 

30 

31 

32 

33 

.35 

166,32 

69 

70 

71 

72 

73 

.20 

63,36 

30 

til 

32 

33 

34 

.20 

168.9(1 

70 

71 

72 

73 

74 

1.35 

6fi.rK> 

31 

32 

33 

33 
34 

34 
35 

35 
36 

3.25 

171.60 

71 

72 

73 

74 

75 

,30 

68.64 

32 

.30 

174,24 

72 

73 

74 

75 

76 

.35 

71   23 

3^ 

34 

35 

36 

37 

.35 

176.8a 

73 

74 

75 

76 

77 

.40 

73.03 

34 

3.^ 

36 

37 

38 

.40 

179.52 

74 

75 

76 

77 

78 

.45 

76.. W 

35 

3(1 

37 

38 

39 

.45 

182.10 

75 

76 

77 

78 

79 

1.50 

70.20 

36 

37 

38 

39 

40 

3.50 

184.80 

76 

77 

78 

79 

SO 

..55 

81  .S4 

37 

38 

30 

40 

41 

4.00 

211.20 

86 

87 

88 

89 

~90 

.60 

84,48 

38 

m 

40 

41 

42 

4.50 

237.6(.> 

96 

97 

98 

99 

100 

.%5 

ST.  12 

39 

40 

41 

42 

43 

5.00 

264.00 

im 

1(^7 

108 

109 

110 

.70 

89,76 

40 

41 

12 

■■^3 

44 

5.50 

290.40 

116 

117 

118 

119 

120 

1.75     , 

92.40 

41 

42 

43 

44 

45 

6.00 

316,80 

126 

127 

128 

120 

130 

.90 

95.04 

42 

43 

44 

45 

46 

6. .50 

343.20 

135 

137 

138 

im 

140 

.85     i 

97.68 

4  A 

44 

45 

46 

47 

7.00 

369.60    14^ 

147 

148 

149 

150 

.90 

H}0.32 

44 

45 

46 

17 

4-^ 

sjyn 

422.40    Hyt'i 

Mi7 

HIS 

169 

170 

1.95 

102.96 

45 

40 

47 

48 

49 

9.110 

475.20    lS!i 

(S7 

1.SH 

189 

190 

2,00 

105.60 

46 

47 

48 

49 

&^ 

10.00 

528,00  1 20(1 

207 

.*« 

209 

310 

mile  vary  when  by  a   reduction  in  T\i\m^  ^xa.^^  tcvqtc^  ^«:^  ^x^ 
bandied  in  one  train  than  before?     Yixst.,  eo\xiV^\»  *0or.  ^^^^ 
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of  increasing  the  train  load  so  that  one  less  engine  vriU  handle 
the  traffic,  or,  for  example,  that  an  engine  can  haul  11  cars 
instead  of  10  or  44  instead  of  40 — that  10  engines  will  do  the 
work  for  which  11  engines  would  be  required  with  the  steeper 
grade.  What  will  be  the  relative  cost  of  running  10  heavy 
trains  rather  than  11  lighter  trains,  or,  rather,  what  will  be  the 
extra  cost  of  tlie  extra  engine  ? 

Since  the  gross  traffic  to  be  handled  is  assumed  to  be  the 
same,  the  miiuber  of  cars  required  to  handle  it  will  also  b**  the 
same  whatever  the  number  of  trains,  and  the  effect  of  those 
cars  on  the  wear  and  tear  of  track,  etc.,  will  evidently  be  constant. 
The  locomotive,  on  accoimt  of  the  greater  concentration  of 
loading  of  the  driver  wheels,  damages  the  track  (in  proportion 
to  its  tonnage)  much  more  than  the  cars.  It  has  been  estimated 
that  the  locomotive  is  responsible  for  one  half  of  the  track 
wear  Such  an  estimate  is  verified  by  the  wear  of  rails  on  steep 
tracks  around  coal-mines  where  standard  cars  are  hauled  by 
cables.  If  we  assume  that  50%  of  Items  2  and  3  and  of  that 
part  of  Item  1  which  varies  with  tonnage  is  duo  to  the  locomo- 
tives, then  the  extra  expense  caused  by  the  extra  engine  will 
be  50%  of  Items  2  and  3  and  50%  of  25%  of  Item  1.  The 
other  it(nns  of  maintenance  of  Avay  are  unaffected  except  that 
truss  bridges,  trestles,  and  the  maintenance  of  a  few  buildings 
will  be  slightly  affected  by  the  extra  locomotive.  But  the 
actual  effect  is  quite  indefinite  and  is  evidently  very  small. 

Maintenance  of  equipment:  Engine  repairs  will  evidently  be 
affected  according  to  the  mileage.  Throughout  the  ruling 
grade  of  the  road  (by  whichever  system  of  grades)  the  engines 
(assumed  of  uniform  style)  are  working  at  their  utmost  capacity. 
On  the  lighter  grades  and  level  sections  the  engines  will  have 
easier  work  when  the  cars  are  fewer  and  tliis  will  have  a  tendency 
to  reduce  engine  repairs.  Suppose  that  by  decreasing  the 
number  of  cars  10%  on  the  easy  grades  the  engine  repairs  on 
each  engine  are  reduced  2%.  There  is  little  or  no  justification 
for  estimating  the  reduction  to  be  more  than  this.  Then  on 
the  ton  enj[y;inos  the  saving  is  20%  of  the  average  charge  for  1 
engine.  Suppose  that  by  decreasing  the  number  of  cars  20^;^. 
on  the  easy  graders  the  engine  repairs  are  reduced  4%,  on  the 
five  engines  they  are  reduced  209r  again.  In  either  case  the 
net  added  cost  due  to  the  extra  engine  would  be  but  80%  of 
the  average  cost      While  the  above  estimate  is  but  a  guess^ 
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yet  it  is  very  evident  that  the  extra  cost  for  this  item  is  but 
little  less  than  the  normal  charge. 

Car  repairs  will  be  reduced  by  a  decrease  in  the  number  of 
cars  per  train.  The  average  draw-bar  pull  \\dll  be  less,  the 
wear  and  tear  due  to  stoppage  and  starting  will  be  less.  This 
is  the  one  item  in  which  an  increased  number  of  trains  for  the 
same  tonnage  is  an  actual  adv^antage.  The  saving  per  car  is 
evidently  greater  when  4  trains  are  increased  to  5  than  when 
10  trains  are  increased  to  11;  but  the  saving  per  train  added 
on  is  constant.  Wellington  estimates  the  saving  to  be  10%. 
His  basis  of  calculation  is  somewhat  different,  but  it  reduces 
to  the  same  thing.  The  estimate  applies  chiefly  to  Item  14 
and  to  Item  13  in  so  far  as  passenger  trains  are  affected'  by 
ruling  grade.  The  other  items  of  maintenance  of  equipment  are 
but  Uttle,  if  any,  affected. 

Conducting  transportation.  Items  20,  21,  26,  27,  28,  29,  30, 
31,  32,  34,  35,  36,  37,  45,  and  46  may  be  considered  as  varying 
according  to  the  train  mileage.  While  some  of  them  seem  to 
have  but  little  direct  connection  with  train  mileage,  yet  if  a 
road  increases  its  traffic  from  10  trains  a  day  to  20  trains  a  day 
all  of  these  items  seem  to  increase  in  due  proportion. 

Fuel,  etc.,  for  locomotives  (Items  22-25)  will  increase  nearty 
as  the  engine  mileage.  In  either  case  the  engines  work  to  the 
limit  of  their  capacity  on  the  ruling  grades.  In  either  case  the 
loss  of  heat  due  to  radiation  is  the  same.  But  the  engines  with 
the  lighter  trains  work  a  little  easier  on  the  light  or  level  grades. 
By  the  same  course  of  reasoning  as  was  given  regarding  engine 
repairs  the  fuel  sa\'ing  from  the  normal  requirement  for  the 
extra  engine  will  be  about  the  same  no  matter  whether  there 
is  an  addition  of  one  engine  in  5  or  10.  The  saving  in  fuel  will 
be  assumed  at  25%  of  the  normal  consumption,  or  rather  that 
the  use  of  the  extra  engine  adds  75%  of  the  normal  charge  for 
fuel.     The  same  estimate  applies  to  items  23,  24,  and  25. 

Car  mileage  is  unaffected.  Items  38  to  44  will  be  considered 
as  unaffected,  also  the  general  expenses. 

445.  Operating  value  of  a  reduction  in  the  rate  of  the  ruling 
grade.  Collecting  the  above  estimates,  we  have  Table  XXVII. 
To  this  must  be  added  something  for  the  capital  cost  of  the  extra 
engine.  Assume  that  it  costs  $10000  and  that  its  mileage  life 
is  800000  milos.  This  makes  an  average  charge  of  1.25  c.  per 
mile.     Of  course  the  cost  of  operation,  maintenance,  and  repaira 
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is  included  in  the  tabulated  expense.     54.82%  of  95  c.  «52.08e. 
Adding  1.25  c.,  we  have  53.33  c. 

TABLE    XXVII. — COST    OF    AN    ADDITIONAL    TRAIN    TO    HANDLE 
A    GIVEN   TllAFFIC. 


No. 

Item  (abbreviated). 

Normal 
average. 

Per  cent 
affected. 

Cost  per 
cent. 

1 

Roadway 

10.596 
1.440 
3.093 
5.533 

12.5 
50 
60 
0 

1.32 

2 

Rails 

.72 

3 

Ties 

1.66 

4-10 

Bridges,  buildings,  etc 

0 

Maintenance  of  way 

20.662 

3.59 

n 

Superintendence 

.650 
5.879 
2.209 
6.765 
1.389 

0 
80 

5 
10 

0 

0 

12 

13 

14 

15-19 

Repairs  of  locomotives 

Repairs  of  paasenger-cars 

Repairs  of  freight-cars 

Miscellaneous 

4.70 
.11 
.68 

0 

Maintenance  of  equipment. . . . 

16.892 

3.91 

20 

Superintendence 

1.761 
9.781 
10.912 
24.285 
2.094 
2.085 
5.646 
1.229 

100 

100 

75 

100 

0 
100 

0 
100 

1.76 

21 

Enginemen 

9.78 

22-25 

Fuel,  etc 

8.18 

26-32 

Train  service,  etc 

24.28 

33 

Car  mileage 

0 

34-37 

Damages,  etc 

2.09 

38-44 

Miscellaneous 

0 

45-46 

Stationery,  etc 

1.23 

Conducting  transportation. .  .  . 

57.793 

47.32 

47-53 

General  expenses.  ... 

4.653 

0 

0 

100.000 

54  82 

As  a  practical  application  of  the  above  figures,  assume  that 
on  a  constructed  and  operated  road  the  ruling  grade  on  a  100- 
mile  division  is  1.0%;  the  actual  traffic  affected  by  ruling  grade 
is  8  daily  trains  with  a  net  load  of  552  tons  or  4416  tons.  It 
is  found  that  with  an  expenditure  of  $400000  the  ruling  grade 
may  l)e  reduced  to  1.2%.  Will  it  pay?  At  1.2%  grade  the  net 
load  behind  an  SO-ton  consolidation  engine,  with  48  tons  on 
the  drivers,  adhesion  i,  is  720  tons.  The  traffic  (4416  tons) 
may  therefore  hv,  hauled  by  6  engines,  the  balance,  less  than 
100  tons,  being  taken  care  of  by  lighter  trains  not  affected  by 
the  ruling  grade.  Since  the  additional  cost  of  the  engine  draT^ing 
lighter  trains  is  53  c.  per  mile,  the  saving  by  reducing  from 
8  engines  to  6  is  that  due  to  2  cxv^Sxves..  "Wsa  «Aiiual  sa^dng 
is   therefore   2X$0.53^ZX\^^y^'^^^'^^'^'^'^^'^^^>^^^ 
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ized  at  5%  -=$778618.     This  shows  that   if  the  improvement 
can  be  ao<»omplishod  for  $400000  it  is  worth  while. 

As  in  other  similar  problems,  it  must  be  reiterated  that  al- 
though there  are  some  more  or  less  uncertain  elements  in  the 
above  estimates,  yet  with  a  considerable  margin  for  error  in 
individual  items  the  value  of  the  whole  improvement  will  not 
be  very  greatly  altered  and  the  estimate  will  be  infinitely  better 
than  an  indefinite  reliance  on  vague  ^*  judgment. '*  Of  course 
certain  items  in  the  al>ove  estimates  are  somewhat  variable 
and  should  be  altered  to  fit  the  particular  case  to  be  computed. 

PUSHER    GRADES. 

446.  General  principles  tmderlying  the  use  of  pusher  engines. 
On  nearly  all  roads  there  are  some  grades  which  are  greatly 
in  excess  of  the  general  average  rate  of  grade  and  these  heavy 
grades  cannot  usually  be  materially  reduced  without  an  ex- 
penditure which  is  excessive  and  beyond  the  financial  capacity 
of  the  road.  If  no  pusher  engines  are  used,  the  length  of  all 
heavy  trains  is  limited  by  these  grades.  The  financial  value 
of  the  reduction  of  such  ruling  grades  has  already  been  shown. 
But  in  the  operation  of  pusher  grades  there  is  incurred  the 
additional  cost  of  pusher-engine  service,  for  a  pusher  engine 
must  run  ivnre  over  the  grade  for  each  train  which  is  assisted. 
It  is  possible  for  this  additional  expense  to  equal  or  even  exceed 
the  advantage  to  be  gained.  In  any  case  it  means  the  adoption 
of  the  lesser  of  two  evils,  or  the  adoption  of  the  more  economical 
method.  A  simple  example  will  illustrate  the  point.  Assume 
that  at  one  point  on  the  road  there  is  a  grade  of  1.9%  which 
is  five  miles  long.  Assume  that  all  other  grades  are  less  than 
0.92%,.  II*  pushers  are  not  to  be  used  the  net  capacity  of  a 
107-ton  consolidation  engine  with  £3  tons  on  the  drivers,  assum^ 
ing  /(J  adh(?sion  and  G  pounds  per  ton  for  normal  resistance, 
will  be  435  tons,  and  that  will  be  the  maximum  weight  of  traip 
allowable.  By  using  pusher  engines  on  this  one  5-mile  grade 
the  train  load  is  at  once  doubled  and  the  number  of  trains 
cut  down  one  half.  This  double  load,  870  tons,  can  easily  be 
hauled  by  one  engine  up  the  0  92%  grades.  As  a  rough  com- 
parison, free  from  details  and  allowances,  we  may  say: 

(a)  10   trains   per  day  over  a  lOO-TwX'ei   ^wiSsstfixi,  ^J^  \rso^ 
net  per  train,  will  require  1000  engine  xi^ea  ^^i^-^j . 
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(b)  5  trains  per  day  handling  the  samfe  traffic,  870  tons 
net  per  train,  with  2X5X5  pusher-engine  miles,  will  require 
(5X100) +(2X5X5)  =550  engine  miles  daily.  There  is  thus 
a  large  saving  in  the  number  of  engine  miles  and  also  in  the 
number  of  the  engines  required  for  the  work.  Moreover,  the 
engines  are  working  to  the  limit  of  their  capacity  for  a  much 
larger  proportion  of  the  time,  and  their  wOrk  is  therefore  more 
economically  done.  The  work  of  overcoming  the  nonnal 
resistances  of  so  many  loaded  cars  over  so  many  miles  of  track 
and  of  lifting  so  many  tons  up  the  gross  differences  of  elevation 
of  predetermined  points  of  the  line  is  approximately  the  same 
whatever  the  exact  route,  and  if  the  grades  are  so  made  that 
fewer  engines  working  more  constantly  can  accomplish  the 
work  as  well  as  more  engines  which  are  not  hard  worked  for  a 
considerable  proportion  of  the  time,  the  economy  is  very  ap- 
parent and  unquestionable.  Wellington  expresses  it  concisely: 
"It  is  a  truth  of  the  first  importance  that  the  objection  to 
high  gradients  is  not  the  work  which  the  engines  have  to  do 
on  them,  but  it  is  the  work  which  they  do  n4)t  do  when  they 
thunder  over  the  track  A\ith  a  light  train  behind  them,  from 
end  to  end  of  a  division,  in  order  that  the  needed  power  may 
be  at  hand  at  a  few  scattered  points  where  alone  it  is  needed." 

447.  Balance  of  grades  for  pusher  service.  In  the  above 
illustration  the  "through"  grade  and  the  "pusher"  grade  are 
"balanced"  for  the  use  of  one  equal  pusher.  It  is  therefore 
evident  that  if  some  intermediate  grade  (such  as  1.4%)  were 
permitted,  it  could  only  be  op^irated  by  (n)  making  it  the  ruling 
grade  and  cutting  down  all  train  loads  from  870  tons  to  594  tons, 
or  (6)  operating  it  as  a  pusher  grade,  although  with  a  loss  of 
economy,  since  two  engines  would  have  much  more  power  than 
necessary.  The  proper  plan  i^i  such  a  case  would  be  to  strive 
to  reduce  the  \A%  grade  to  0.9291-,  or,  if  that  seemed  imprac- 
ticable, to  attempt  to  get  an  operating  advantage  at  the  expense 
of  an  increase  of  the  1.4%  grad(J  to  anything  short  of  1.9%. 
For  the  incrciise  in  rale  of  grade  would  cost  almost  nothing,  and 
some  advantage  might  be  ol)tairied  which  would  practically 
compensate  for  the  introduction  of  a  pusher  grade.  Another 
possible  solution  would  be  to  operate  the  1  9%  with  two  pusheis, 
adopt  a  corresponding  grade  for  use  with  one  pusher  and  a 
corresponding  ruling  grade  for  l\\iow^\i  U^vaa.    ^SJOsi\J«Qfc«Jc«v^ 


§  447. 


GRADE. 


483 


data  these  three  grades  would  be  1.90%  1.27%,  and  0.54%, 
obtained  as  follows: 

Tractive  power  of  three  engines  =  106000  X  iV  X  3  =  71550 
pounds. 

Resistance  on  1.9%  grade=  6 +  (20X1.9)  =44  lbs.  per  ton. 

71550^44=  1626  =gross  load  in  tons. 

1626 -(3X107)  =1305=  net  load  in  tons. 

1305  1- (2  X 107)  =1519  =  gross  load  on  the  one-pusher  grade. 

Tractive  power  of  two  engines  =47700  lbs. 

47700 -i- 1519  =31.40=  possible  tractive  force  in  lbs.  per  ton. 

(31.40  — 6) -^  20=  1 .27%  =  permissible  grade  for  one  pusher. 

1305  +  107=  1412  =  gross  load  on  the  through  grade. 

Tractive  power  of  one  engine  =  23850  lbs. 

23350 -T- 1412=  16.89  =  possible  tractive  force  in  lbs.  per  ton. 

(16.89-6W20  =0.54%  =  permissible  through  grade. 

It  should  be  realized  that,  assuming  the  accuracy  of  the 
normal  resistance  (6  lbs.)  and  the  normal  adhesion  (-^j^)  and 
vdth.  the  use  of  107-ton  locomotives  with  53  tons  on  the  drivers, 
the  above  figures  are  precisely  what  is  required  for  hauling 
with  one,  two,  and  three  engines.  Other  types  of  engines,  other 
values  for  resistance  and  adhesion  will  vary  considerably  the 
gross  load  in  tons  which  may  be  hauled  up  those  grades,  but 
starting  with  0.54%  as  a  through  grade,  the  corresponding 
values  for  one  and  for  two  pushers  would  vary  but  slightly 
from  those  given.  To  show  the  tendency  of  these  variations, 
the  corresponding  values  have  been  computed  as  follows: 


Adhesion. 

Resistance 
per  ton. 

Load  on 
drivers. 

Through 
grade. 

One-pusher 
grade. 

Two-pusher 
grade. 

! 

6  lbs. 

7  " 
6     " 

6  •• 

7  •• 

53  tons. 
53     •• 
53     " 
53     •• 
53     " 

0.54% 
.54% 
.54% 
.54% 
.54% 

1.27% 
1.31% 
1.28% 
1.26% 
1.29% 

1.90% 
1.96% 
1.9.3% 
1.86% 
1.92% 

The  above  form  shows  that  increasing  the  resistance  per  ton 
and  decreasing  the  adhesion  have  opposite  effects  on  ^tering 
tl\e  ratio  of  these  grades,  and  as  a  storm,  for  example,  would 
increase  the  resistance  and  decrease  the  adhesion,  the  chang;ea 
in  the  ratio  would  be  compensaim^  avWvow^  ^^  \iio^«i?^^ 
reduction  in  train  load  might  be  coiits\deTab\&. 


484  RAILROAD  CONSTRUCTION.  §  448. 

In  Table  XXVIII  is  shown  a  series  of  "balanced"  grades  on 
which  a  given  net  train  load  may  be  operated  by  means  of  one 
or  two  pilfer  engines.  For  example,  assuming  a  track  resistance 
of  6  pounds  per  ton,  a  consolidation  engine  of  the  type  sho^vn 
in  th«  tabla  can  haul  a  train  weighing  977  tons  (exclusive  of 
the  engine)  up  a  grade  of  0.80%.  If  this  is  the  ma^mnura 
through  grade,  pusher  grades  as  high  as  1.70%  for  one  pusher, 
or  2.46%  for  two  pushers,  may  be  introduced  and  the  same 
net  load  may  be  hauled  up  these  g^rades. 

The  ratios  of  pusher  grade  to  through  grade,  as  given  in 
Table  XXVIII,  are  exactly  true  only  for  the  conditions  named 
as  to  weight  and  type  of  engine,  ratio  of  adhesion,  and  norma 
track  resistance.  But  a  little  comparative  study  of  the  two 
halves  of  Table  XXVIII  and  of  the  tabular  form  given  on  j>age 
483  will  show  that  although  the  net  load  which  can  be  hauled 
on  any  grade  varies  condderably  with  the  normal  track  re- 
sistance and  also  with  the  ratio  of  adhesion,  yet  the  ratios  of 
through  to  pusher  grade,  for  either  one  or  two  pushers,  varies 
but  slightly  with  ordinary  changes  in  these  conditions.  There- 
fore when  the  precise  conditions  are  unkno^vn  or  variable,  the 
figures  of  Table  XXVIII  may  be  considered  as  applicable  to 
any  ordinar\'  practice,  especially  for  preliminary  computations. 
For  final  calculations  on  any  proposed  ruling  grade  and  pusher 
grade,  the  whole  problem  should  be  worked  out  on  the  principles 
outlined  above  and  on  the  basis  of  the  l)est  data  obtainable. 

Problem:  If  the  through  ruling  grade  for  the  road  has  been 
established  at  1.12%,  what  pusher  grades  are  permissible? 
Answer:  Interpolating  in  Table  XXVIII,  we  may  employ  a 
grade  of  2.22%  if  the  track  and  road-bed  are  to  be  such  that  a 
tractive  resistance  of  6  pounds  per  ton  can  be  expected.  With 
a  poorer  track,  the  normal  resistance  assumed  as  8  pounds  per 
ton,  the  rate  is  raised  to  2.27%.  The  increase  in  rate  of  pusher 
grade  with  increase  of  resistance  is  due  to  the  fact  that  the 
net  load  hauled  is  less — so  much  less  that  on  the  pusher  grade 
a  larger  part  of  the  adhesion  is  available  to  overcome  a  grade 
resistance. 

448.  Operation  of  pusher  engines.  The  maximum  efficiency 
in  operating  pusher  engines  is  obtained  when  the  pusher  engine 
is  kept  constantly  at  work,  and  this  is  facilitated  when  the  pusher 
grade  is  as  long  as  possi})le,  i.e.,  when  the  heavy  grades  and  the 
great  bulk  oi  the  difference  of  elevation  to  be  surmounted  is 
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BLE    XXVIII. — BALANCED    GRADES    FOR    ONE,    TWO,    AND 

THREE    ENGINES. 
9. — Through   and  pusher  engines  alike;  consolidation    type;   total 
,  107  tons;    weight  on  drivers,  53  tons;   adhesion,  ^,  giving  a  trac- 
•ce  for  each  engine  of  23850  lbs. ;  normal  track  resistance,  6  (also  8) 
•  ton. 


ugh 
de. 


Track  resistance,  6  lbs. 


Net  load 

for  one 

engine  in 

tons  (2000 

lbs.). 


3868  tons 

2874 

2278 

1880 

1596 


1384 

1218 

1085 

977 

887 


Corresponding 

pusher  grade  for 

aame  net  ioctd. 


One 
pusher. 


0.28% 
0.47% 
0.66% 
0.84% 
1.02% 


Two 
pushers. 


0.55% 
0.82% 
1.08% 
1.33% 
1.57% 


Track  resistance,  8  Ibe. 


Net  load 

for  one 

engine  in 

tons  (2000 

lbs.). 


2874  tons 

2278 

1880 

1596 

1384 


1218 

1085 

«77 

887 

810 


CorreBponding 

pusher  grade  for 

same  net  load. 


One 
pusher. 


0.37% 
0.56% 
0.74% 
0.92% 
1.09% 


Two 
pushers. 


0.72% 
0.98% 
1.2.3% 
1.47% 
1.70% 


% 
% 

1 


810 
745 
688 
638 
594 


2.03% 

2.19<^ 

2.34< 

2.50% 

2.65% 


2.86% 
3.06% 
3.25% 
3.43<^ 
3.61 


745 
688 
638 
594 
555 


2.09% 
2.24% 
2.40% 
2.55% 
2.70% 


I 


% 


555 
521 
489 
461 
435 


2.80% 
2.95% 
3.09% 
3.23% 
3.37% 


3.78% 
3.95% 
4.12% 
4.27% 
4.43% 


521 
489 
461 
435 
411 


2.85% 
2.99% 
3.13% 
3.27% 
3.42% 


411 
390 
370 
352 
335 
319 


52% 
65% 
78% 
91% 
.04% 
.17% 


4.59% 

4.73% 
4.88% 
5.02% 
5.15% 
5.29% 


330 
370 
352 
335 
319 
304 


4.639 

4.78-' 

4>92' 

5.05% 

5.19% 

5.32% 


g  place.  For  example,  a  pusher  grade  of  three  miles  fol- 
by  a  comparatively  level  stretch  of  three  miles  and  then 
other  pusher  grade  of  two  miles  cannot  all  be  operated  as 
ly  as  a  continuous  pusher  grade  of  five  miles.  Either 
vo  grades  must  be  operated  as  a  continuous  grade  of  eight 
(sixteen  pusher  miles  per  trip)  or  else  as  two  short  pusher 
s,  in  which  case  there  would  be  a  very  great  loss  of  time 
,  difficulty  in  so  arranging  the  schedules  tVia.\.  a.  \;t^\sx\>ftfe^ 
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not  wait  for  a  pusher  or  the  pushers  need  not  waste  too  much 
time  in  idleness  waiting  for  trains.  If  the  level  stretch  were 
imperative,  the  two  grades  would  probably  be  operated  as  one, 
but  an  effort  should  be  made  to  bring  the  grades  together.  It 
is  not  necessary  to  bring  the  trains  to  a  stop  to  uncouple  the 
pusher  engine,  but  a  stop  is  generally  made  for  coupling  on, 'and 
the  actual  cost  in  loss  of  energy  and  in  wear  and  tear  of  stopping 
and  starting  a  heavy  train  is  as  great  as  the  cost  of  running 
an  engine  light  for  several  miles. 

There  are  two  ways  in  which  it  is  possible  to  economize  in 
the  use  of  pusher  engines,  (a)  When  the  traffic  of  a  road  is 
so  very  light  that  a  pusher  engine  will  not  be  kept  reasonably 
busy  on  the  pusher  grade  it  may  be  worth  while  to  place  a 
siding  long  enough  for  the  longest  trains  both  at  top  and  bottom 
of  the  pusher  grade  and  then  take  up  the  train  in  sections. 
Perhaps  the  worst  objection  to  this  method  is  the  time  lost 
while  the  engine  runs  the  extra  mileage,  but  with  such  very 
light  traffic  roads  a  little  time  more  or  less  is  of  small  consequence. 
On  light  traffic  roads  this  method  of  surmounting  a  heavy  grade 
will  be  occasionally  adopted  even  if  pushers  are  never  used. 
If  the  traffic  is  fluctuating,  the  method  has  the  advantage 
of  only  requiring  such  operation  when  it  is  needed  and  avoiding 
the  purchase  and  operation  of  a  pusher  engine  which  has  but 
little  to  do  and  which  might  be  idle  for  a  considerable  proportion 
of  the  year.  (6)  The  second  possible  method  of  economizing 
is  only  practicable  when  a  pusher  grade  begins  or  ends  at  or 
near  a  station  yard  where  s^^^tching-engines  are  required.  In 
such  cases  there  is  a  possible  economy  in  utilizing  the  switching- 
engines  as  pushers,  especially  when  the  work  in  each  class  is 
small,  and  thus  obtain  a  greater  useful  mileage.  But  such  cases 
are  special  and  generally  imply  small  traffic. 

A  telegraph-station  at  top  and  bottom  of  a  pusher  grade  is 
generally  indispensable  to  effective  and  safe  operation. 

449.  Length  of  a  pusher  grade.  The  virtual  length  of  the 
pusher  grade,  as  indicated  by  the  mileage  of  the  pusher  engine, 
is  always  somewhat  in  excess  of  the  true  length  of  the  grade 
as  shown  on  the  profile,  and  sometimes  the  excess  length  is 
very  great.  If  a  station  is  located  on  a  lower  grade  within  a 
paile  or  so  of  the  top  or  bottom  of  a  pusher  grade,  it  will  ordina- 
rily be  advisal^le  to  couple  or  uncouple  at  or  near  the  station, 
ffince  the  telegraph-station,  switching,  and  signftling  may  be 
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more  economically  operated  at  a  regular  station.  If  the  extra 
engine  is  coupled  on  ahead  of  the  through  engine  (as  is  some- 
times required  by  law  for  passenger  trains)  the  uncoupling  at 
the  top  of  the  grade  may  be  accomplished  by  running  the  assist- 
ant engine  ahead  at  greater  speed  after  it  is  uncoupled,  and, 
after  running  it  on  a  siding,  clearing  the  track  for  the  train. 
But  this  requires  considerable  extra  track  at  the  top  of  the  grade. 
Therefore,  when  estimating  the  length  of  the  pusher  grade, 
the  most  desirable  position  for  the  terminal  sidings  must  be 
studied  and  the  length  determined  accordingly  rather  than 
by  measuring  the  mere  length  of  the  grade  on  the  profile.  Of 
course  these  odd  distances  are  alwaj^s  excess;  the  coupling  or 
uncoupling  should  not  be  done  while  on  the  grade. 

450.  Cost  of  pusher-engine  service.  The  cost  evidently  de- 
pends partly  on  the  mileage  run,  while  some  items  are  whollj' 
independent  of  the  mileage.  A  pusher  engine,  when  working 
on  grades  where  the  conditions  are  fairly  favorable,  will  ac- 
complish a  mileage  of  100  to  125  miles  per  day,  and  this  is 
about  equal  to  that  of  an  ordinary  freight  engine.  Therefore 
such  items  as  wages  which  are  independent  of  mileage  will  be 
assumed  to  cost  as  much  per  mile  as  they  do  for  ordinary  train 
service.  If  the  mileage  is  less  than  this,  an  extra  allowance 
should  be  made. 

The  effect  of  a  pusher  engine  on  maintenance  of  way  may 
be  considered  to  be  the  same  as  that  produced  by  an  additional 
engine,  as  developed  in  §  444.  The  same  allowance  (3.59%) 
will  therefore  be  made.  The  cost  of  repairs  and  renewals  of 
locomotives  may  be  estimated  the  same  as  for  other  engines. 
Wages  for  engine  and  round-house  men  will  be  the  same.  There 
is  certainly  no  ground  for  considering  that  the  cost  of  fuel  and 
other  engine  supplies  can  be  materially  less  than  the  usual 
figures.  On  the  return  trip  down  the  grade  the  engine  runs 
almost  without  steam  (after  getting  started),  but,  on  the  other 
hand,  the  engine  works  hard  when  climbing  up  the  grade.  The 
cost  of  switchmen,  etc.,  and  telegraph  expenses  (Items  28  and 
29)  will  evidently  add  their  full  quota.  Collecting  these  items, 
we  have  36.27%  or  3i.46c.  for  each  mile  run.  Adding,  as  in 
§445,  1.25  c.  as  interest  charge  on  the  cost  of  the  engine,  we 
have  35.71  c.  Then  each  mile  of  the  incline  will  cost  twice 
this  or  71.42  c.  for  a  round  trip,  or  71.42X365  =$260  per  year 
per  mile  of  incline  per  daily  train  needing  assistance. 
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TABLE  XXIX. — ITEMS  OF  THE  COST  PEE  MILE  OF  A  PUSHER  ENGINE. 

No. 

Normal 
average. 

Per  cent 
afifectod. 

Costp^ 

engine 

nule, 

per  cent. 

I 

Repairs  of  roadway 

10.596 
1.440 
3.093 
5.879 
9.781 

10.912 
4.136 
1.974 

12.6 

50 

50 
100 
100 
100 
100 
100 

1.32 

2 

Kenewals  of  rails 

.72 

3 

llenewals  of  ties 

1.55 

12 
21 

Repairs  of  locomotives 

Enginemen 

5.88 
9.78 

22-25 

Eneine  supplies 

10.91 

28 

Switchmen,  etc 

4.14 

29 

Telegraph 

1.97 

36.27 

451.  Numerical  comparison  of  pusher  and  through  grades. 

In  §  445  the  computation  was  made  of  the  desirability  of  re- 
ducing a  1.6%  ruling  grade  to  a  1.2%  grade.  Suppose  it  is 
found  that  by  keeping  the  1.6%  grades  as  pusher  grades  having 
a  total  length  of  20  miles  on  a  100  mile  division,  the  other  grades 
may  be  reduced  to  a  grade  not  exceeding  0.713%  (the  correspond- 
ing through  grade)  for  an  expenditure  of  $200000.  Will  it 
pay?  The  saving  by  cutting  down  trains  from  8  to  4,  computed 
as  before,  would  be  (see  §445)  4  X  $0.5333X100X365  =$77862. 
But  this  saving  is  only  accomplished  by  the  employ n^nt  of 
pushers  making  four  round  trips  over  20  miles  of  pusher  grades 
at  a  cost  of  4  X  20  X  $260  =$20800. 

The  net  annual  saving  is  therefore  $57062,  which  when 
capitalized  at  5%  =$1,141,240. 

The  above  estimate  probably  has  this  defect.  The  total 
daily  pusher-engine  mileage  is  but  2X4X20  =  160,  scarcdiy 
work  enough  for  two  pushers.  Unless  the  pusher  grades  weie 
bunched  into  two  groups  of  about  10  miles  each,  two  pusher 
engines  could  not  do  the  work.  If  the  number  at  trains  was 
much  larger,  then  the  above  method  of  calculation  would  be 
more  exact  even  though  the  20  miles  of  pusher  grade  was  divided 
among  four  or  five  different  grades.  Therefore  with  the  above 
data  the  annual  cost  of  the  pusher  service  would  probably  be 
much  more — perhaps  twice  as  much — and  the  annual  saving 
about  $36000,  which  would  justify  an  expenditure  of  $720000. 

But  even  this  would  very  amply  yistKy  the  assumed  expenditure 

0/  $20i)0()0  which  would  accomp\ia\v  \,\^^  tqsw^\.. 
The  above  computaiion  is  but.  an  V^MfiXx^Wssiv  «i  ^Joa  ^^sosg^ 
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truth  which  has  been  previously  stated.  In  Spite  of  the  un- 
certainties and  the  variations  of  many  items  in  the  above  esti- 
mates it  will  generally  be  possible  to  make  a  computation  which 
will  show  unquestionably,  as  in  the  above  instance,  what  is 
the  best  and  the  most  economical  method  of  procedure.  When 
the  capitalized  valuations  of  both  methods  are  so  nearly  equal 
that  a  proper  choice  is  more  difficult,  the  question  will  frequently 
be  determined  by  the  relative  ease  of  raising  additional  capital. 


BALANCE   OP   GRADES   FOR    UNEQUAL   TRAFFIC. 

452.  Nature  of  the  subject.  It  sometimes  happens,  as  when 
a  road  runs  into  a  mountainous  country  for  the  purpose  of 
hauling  therefrom  the  natural  products  of  lumber  or  minerals, 
that  the  heavy  grades  are  all  in  one  direction — that  the  whole 
line  consists  of  a  more  or  less  unbroken  climb  having  perhaps 
a  few  comparatively  level  stretches,  but  no  down  grade  (except 
possibly  a  slight  sag)  in  the  direction  of  the  general  up  grade. 
With  such  lines  this  present  topic  has  no  concern.  But  the 
majority  of  railroads  have  termini  at  nearly  the  same  level 
(500  feet  in  500  miles  has  no  practical  effect  on  grade)  and 
consist  of  up  and  down  grades  in  nearly  equal  amounts  and 
rates.  The  general  rate  of  ruling  grade  is  determined  by  the 
character  of  the  country  and  the  character  and  financial  backing 
of  the  road  to  be  built.  It  is  always  possible  to  reduce  the  grade 
at  some  point  by  "development"  or  in  general  by  the  expen- 
diture of  more  money.  It  has  been  tacitly  assumed  in  the 
previous  discussions  that  when  the  ruhng  grade  has  been  de- 
termined all  grades  in  either  direction  are  cut  down  to  that 
limit.  If  the  traffic  in  both  directions  were-the  same  this  would 
be  the  proper  policy  and  sometimes  is  so.  But  it  has  developed, 
especially  on  the  great  east  and  west  trunk  lines,  that  the  weight 
of  the  eastbound  freight  traffic  is  enormously  greater  than  that 
of  the  westbound — that  westbound  trains  consist  very  largely  of 
** empties"  and  that  an  engine  which  could  haul  twenty  loaded 
cars  up  a  given  grade  in  eastbound  traffic  could  haul  the  same 
cars  empty  up  a  much  higher  grade  when  running  west.  As 
an  illustration  of  the  large  disproportion  which  may  exist,  the 
eastbound  ton-mileage  on  the  P-  R.  R.  bfet\\^cw  \N\fe  ^^^^^^^^J^^Ts. 
and  1885  was  3.7  times  the  westbound  \.oii-m\\e^^^.  ^^V^^'^^ 
the  years  1876  and  1880  the  ratio  rose  to  moxe  W^^  *t.^  '^'^  ^* 
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On  such  a  basis  it  is  as  important  and  necessary  to  obtain,  say, 
a  0.6%  ruling  grade  against  the  eastbound  traffic  as  to  have, 
say,  a  1.0%  grade  against  the  westbound  traffic.  This  is  the 
basis  of  the  following  discussion.  It  now  remains  to  estimate 
the  probable  ratio  of  the  trafiic  in  the  two  directions  and  from 
that  to  determine  the  proper  "balance"  of  the  opposite  ruling 
grades. 

453.  Computation  of  the  theoretical  balance.  Assume  first, 
for  simplicity,  that  the  exact  business  in  either  direction  is: 
accurately  known.  A  little  thought  will  show  the  truth  of  the 
folloAving  statements. 

1.  The  locomotive  and  passenger-car  traffic  in  both  diroctionr. 
is  equal. 

2.  Except  as  a  road  may  carry  emigrants,  the  passenger 
traffic  in  both  directions  is  equal.  Of  course  there  are  innumer- 
able individual  instances  in  which  the  return  trip  is  made  by 
another  route,  but  it  is  seldom  if  ever  that  there  is  any  marked 
tendency  to  uniformity  in  this.  Considering  that  a  car  load 
of,  say,  50  passengers  at  150  pounds  apiece  weigh  but  7500 
pounds,  Avhich  is  J  of  the  45000  pounds  which  the  car  may 
weigh,  even  a  considerable  variation  in  the  number  of  passengers 
wiU  not  appreciably  alfect  the  haulirg  of  cars  on  grades.  On 
parlor-cars  and  sleepers  the  ratio  of  live  load  to  dead  load  (say 
20  passengers,  3000  pounds,  and  the  car,  75000  pounds)  is 
even  more  insignificant.  The  effect  of  passenger  traffic  on 
balance  of  grades  may  therefore  be  disregarded. 

3.  Empty  cars  have  a  greater  resistance  per  ton  than  loaded 
cars.  Therefore  in  computing  the  hauling  capacity  of  a  loco- 
motive hauling  so  many  tons  of  "  empties,"  a  larger  figure  must 
be  ur,cd  for  the  ordinary  tractive  resistances — say  two  pounds 
per  ton  greater. 

4.  Owing  to  greater  or  less  imperfections  of  management  a 
small  percentage  of  cars  will  run  empty  or  but  partly  full  in 
the  direction  of  greatest  traffic. 

5.  Freight  having  great  bulk  and  weight  (such  as  grain, 
lumber,  coal,  etc.)  is  run  from  the  rural  districts  toward  the 
cities  and  manufacturing  districts. 

6.  The  return  traffic — manufactured  products — although  worth 
as  much  or  more,  do  not  weigh  as  much. 

As  a  simple  nu metrical  illustration  assume  that  the  weight 
C'fthe  cars  is  40%  and  the  live  load.  60%  of  the  total  load  when 
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the  cars  are  "full" — although  not  loaded  to  their  absolute 
limit  of  capacity.  Assume  that  the  relative  weight  of  live 
load  to  be  hauled  in  the  other  direction  is  but  J.  Then  the 
gross  trainload  (exclusive  of  the  locomotive)  is  40  4-  (J  X  60)  =  60% 
of  the  load  in  the  other  direction.  Assume  that  the  grade 
against  the  heaviest  traffic  is  0.9%.  An  80-ton  engine  with  48 
tons  on  the  drivers,  J  adhesion,  normal  tractive  resistance 
6  pounds  per  ton,  will  haul  a  train  of  920  tons  up  that  grade. 
Of  this  load  the  cars  are  assumed  to  weigh  40%,  or  368  tons, 
and  the  live  load  552  tons.  On  the  return  trip  the  weight  of 
the  cars  with  their  load  is  but  920X60%  =552  tons,  or  with  the 
engine  632  tons.  This  could  be  hauled  up  a  1.60%  grade,  as- 
suming that  the  resistance  was  the  same  per  ton.  But  §  of  the 
return  cars  must  be  figured  as  empty;  they  make  an  added 
resistance  of  2  pounds  per  ton ;  these  cars  weigh  §  of  368  tons, 
or  245.33  tons.  The  balance  of  the  train  weighs  632-245.33  = 
386.67  tons.     Then  we  have 

245.33X8=1962.67 
386.67X6=2320. 


4282.67  pounds, 

which  is  the  tractive  force  required  for  rolling  resistances,  etc. 
'Subtracting  this  from  the  total  adhesion,  24000  pounds,  we  have 
/left  19717.33  pounds  available  for  grade,  or  31.2  pounds  per 
ton,  which  corresponds  to  a  1.56%  grade,  which  is  the  proper 
balance  of  grade  under  the  above  conditions. 

454.  Computation  of  relative  traffic.  Some  of  the  principal 
elements  have  already  been  referred  to,  but  in  addition  the 
following  facts  should  be  considered. 

(a)  The  greatest  disparity  in  traffic  occurs  through  the  hand- 
ling of  large  amounts  of  coal,  lumber,  iron  ore,  grain,  etc.  On 
roads  which  handle  but  little  of  these  articles  or  on  which  for 
local  reasons  coal  is  hauled  one  way  and  large  shipments  of 
grain  the  other  way  the  disparity  will  be  less  and  will  perhaps  bo 
insignificant. 

(b)  A  marked  change  in  the  development  of  the  country  may, 
and  often  does,  cause  a  marked  difference  in  the  disparity  of 
traffic.  The  heaviest  traffic  (in  mere  weight)  is  always  toward 
manufacturing  regions  and  away  from  agricultural  regions.  But 
when  a  region,  from  being  purely  agricultural  01:  \a\\v^x^,  \i^:^ 
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comes  largely  manufacturing,  or  when  a  manufacturing  region 
develops  an  industry  which  will  cause  a  growth  of  heav^'-  freight 
traffic  from  it,  a  marked  change  in  the  relative  freight  movement 
will  be  the  result. 

(c)  Very  great  fluctuations  in  the  relative  traffic  may  be 
expected  for  prolonged  intervals. 

(d)  An  estimate  of  the  relative  traffic  may  be  formed  by 
the  same  general  method  used  in  computing  the  total  traffic 
of  the  road  (see  §  S73,  Chap.  XIX)  or  by  noting  the  relative 
traffic  on  existing  roads  which  may  be  assumed  to  have  practically 
the  same  traffic  as  the  proposed  road  will  obtain. 


V 

\ 


CHAPTER  XXrV. 

THE  IMPROVEMENT  OF  OLD  LINES. 

455.  Classification  of  improvements.  The  improvements  here 
considered  are  only  those  of  alignment — horizontal  and  vertical. 
Strictly  there  is  no  definite  limit,  either  in  kind  or  magnitude, 
to  the  improvements  which  may  be  made.  But  since  a  railroad 
cannot  ordinarily  obtain  money,  even  for  improvements,  to 
an  amoimt  greater  than  some  small  proportion  of  the  pre- 
viously invested  capital,  it  becomes  doubly  necessary  to  expend 
such  money  to  the  greatest  possible  advantage.  It  has  been 
previously  shown  that  securing  additional  business  and  increas- 
ing the  train  load  are  the  two  most  important  factors  in  decreas- 
ing dividends.  After  these,  and  of  far  less  importance,  come 
reductions  of  curvature,  reductions  of  distance  (frequently  of 
doubtful  policy,  see  Chap.  XXI,  §414),  and  elimination  of  sags 
and  humps.  These  various  improvements  will  be  briefly  dis- 
cussed. 

(a)  Securing  additional  business.  It  is  not  often  possible 
by  any  small  modification  of  alignment  to  materially  increase 
the  business  of  a  road.  The  cases  which  do  occur  are  usually 
those  in  which  a  gross  error  of  judgment  was  committed  during 
the  original  construction.  For  instance,  in  the  early  history 
of  railroad  construction  many  roads  were  largely  aided  by  the 
towns  through  which  the  road  passed,  part  of  the  money  neces- 
sary for  construction  being  raised  by  the  sale  of  bonds,  which 
were  assumed  or  guaranteed  and  subsequently  paid  by  the 
towns.  Such  aid  was  often  demanded  and  exacted  by  the 
promoters.  Instances  are  not  unknown  where  a  failure  to 
come  to  an  agreement  has  caused  the  promoters  to  deliberately 
pass  t>y  the  town  at  a  distance  of  some  miles,  to  the  mutual 
disadvantage  of  the  road  and  the  town.  If  the  town  subsequent- 
ly gyew  in  spite  of  this  disadvantage,  the  annual  loss  of  business 
OQ&I^  readily  amount  to  more  than  tlie  on^naY  svMxvva.  ^\«^^^^ 
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Such  an  instance  would  be  a  legitimate  opportunity  for  study 
of  the  advisability  of  a  re-location. 

As  another  instance  (the  original  location  being  justifiable) 
a  railroad  might  have  been  located  along  the  bank  of  a  consider- 
able river  too  wide  to  be  crossed  except  at  considerable  expense. 
When  originally  constructed  the  enterprise  would  not  justify 
the  two  extra  bridges  needed  to  reach  the  town.  A  growth  in 
prosperity  and  in  the  business  obtainable  might  subsequently 
make  such  extra  expense  a  profitable  investment. 

(b)  Increasing  the  train  load.  On  account  of  its  importance 
this  will  be  separately  considered  in  §  458  et  seq. 

(c)  Reductions  in  curvature  and  distance  and  the  eliminatioa 
of  sags  and  humps.  The  financial  value  of  these  improvements 
has  already  been  discussed  in  Chapters  XXI,  XXII,  and  XXIII. 
Such  improvements  are  constantly  being  made  by  all  progressive 
roads.  The  need  for  such  changes  occurs  in  some  casesi  because 
the  original  location  was  very  faulty,  the  revised  location  being 
no  more  expensive  than  the  original,  and  in  other  cases  because 
the  original  location  was  the  best  that  was  then  financially 
possible  and  because  the  present  expanded  business  will  justify 
a  change. 

(d)  Changing  the  location  of  stations  or  of  passing  sidings. 
The  station  may  sometimes  be  re-located  so  as  to  bring  it  nearer 
to  the  business  center  and  thus  increase  the  business  done. 
But  the  principal  reasons  for  re-locating  stations  or  passing 
sidings  is  that  starting  trains  may  have  an  easier  grade  on  which 
to  overcome  the  additional  resistances  of  starting.  Such  changes 
will  be  discussed  in  detail  in  §  460. 

456.  Advantages  of  re-locations.  There  are  certain  undoubted 
advantages  possessed  by  the  engineer  who  is  endeavoring  to 
improve  an  old  line. 

(a)  The  gross  traffic  to  be  handled  is  definitely  known. 

(6)  The  actual  cost  per  train-mile  for  that  road  (which  may 
differ  very  greatly  from  the  average)  is  also  known,  and  therefore 
the  value  of  the  proposed  improvement  can  be  more  accurately 
determined. 

(c)  The  actual  performance  of  such  locomotives  as  are  used 
on  the  road  may  be  studied  at  leisure  and  more  reliable  data 
may  be  obtained  for  the  computations. 

457.  Disadvantages  of  re-locations.  The  disadvantages  are 
generally    more    apparent    and    frequently   appear   practically 
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insuperable — more  so  than  they  prove  to  b©  on  closer  inspection, 
(a)  It  frequently  means  the  abandonment  of  a  greater  or  less 
length  of  old  line  and  the  construction  of  new  line.  At  first 
thought  it  might  seem  as  if  a  change  of  line  such  as  would  permit 
an  increase  of  train-load  of  50  or  perhaps  100%  could  never 
be  obtained,  or  at  least  that  it  could  not  be  done  except  at  an 
impracticable  expense.  On  the  contrary  a  change  of  10% 
of  the  old  Une  is  frequently  all  that  is  necessary  to  reduce  the 
grades  so  that  the  train-loads  hauled  by  one  engine  ma}'  be 
nearly  if  not  quite  doubled.  And  when  it  is  considered  that 
the  cost  of  a  road  to  sub-grade  is  generally  not  more  than  one- 
third  of  the  total  cost  of  construction  and  equipment  per  mile, 
it  becomes  plain  that  an  expenditure  of  but  a  small  percentage 
of  the  original  outlay,  expended  where  it  will  do  the  most  good, 
will  often  suffice  to  increase  enormously  the  earning  capacity. 

(b)  One  of  the  most  difficult  matters  is  to  convince  the  finan- 
cial backers  of  the  road  that  the  proposed  improvement  will 
be  justifiable.  The  cause  is  simple.  The  disadvantages  of  the 
original  construction  lie  in  the  large  increase  of  certain  items 
of  expense  which  are  necessary  to  handle  a  given  traffic.  And 
yet  the  fact  that  the  expenditures  are  larger  than  they  need 
be  are  only  apparent  to  the  expert,  and  the  fact  that  a  saving 
may  be  made  is  considered  to  be  largely  a  matter  of  opinion 
until  it  is  demonstrated  by  actual  trial.  On  the  other  hand 
the  cost  of  the  proposed  changes  is  definite,  and  the  very  fact 
that  the  road  has  been  uneconomically  worked  and  is  in  a  poor 
financial  condition  makes  it  diflScult  to  obtain  money  for  im- 
provements. 

(c)  The  legal  right  to  abandon  a  section  of  operated  line 
and  thus  reduce  the  value  of  some  adjoining  property  has 
sometimes  been  successfully  attacked.  A  common  instance 
would  be  that  of  a  factory  which  was  located  adjoining  the  right 
of  way  for  convenience  of  transportation  facilities.  The  abandon- 
ment of  that  section  of  the  right  of  way  would  probably  be  fatal 
to  the  successful  operation  of  the  factory.  The  objection  may 
be  largely  efiminated  by  the  maintenance  of  the  old  right  of 
way  as  a  long  siding  (although  the  business  of  the  factory  might 
not  be  worth  it),  but  it  is  not  always  so  easy  of  solution,  and 
this  phase  of  the  question  must  always  bf>  considered. 
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REDUCTION   OF  VIRTUAL  GRADE. 

458.  Obtaining  data  for  computations.  As  developed  in  the 
last  chapter  (§§432-434)  the  real  object  to  be  attained  is  the 
reduction  of  the  virtual  grade.  The  method  of  comparing  grades 
under  various  assumed  conditions  was  there  discussed.  When 
the  road  is  still  "on  paper"  some  such  method  is  all  that  is 
possible;  but  when  the  road  is  in  actual  operation  the  virtual 
grade  of  the  road  at  various  critical  points,  with  the  rolling 
stock  actually  in  use,  may  be  determined  by  a  simple  test  and 
the  effect  of  a  proposed  change  may  be  reliably  computed. 
Bearing  in  mind  the  general  principle  that  the  virtual  grade 
line  is  the  locus  of  points  determined  by  adding  to  the  actual 
grade  profile  ordinatcs  equal  to  the  velocity  head  of  the  train, 
it  only  becomes  necessary  to  measure  the  velocity  at  various 
points.  Since  the  velocity  is  not  usually  uniform,  its  precise 
determination  at  any  instant  is  almost  impwjssible,  but  it  will 
generally  be  found  to  be  sufficiently  precise  to  assume  the  velocity 
to  be  imiform  for  a  short  distance,  and  then  observe  the  time 
required  to  pass  that  short  space.  Suppose  that  an  ordinary 
watch  is  used  and  the  time  taken  to  the  nearest  second.  At 
30  miles  per  hour,  the  velocity  is  44  feet  i)er  second.  To  obtain 
the  time  to  within  1%,  the  time  would  need  to  be  100  seconds 
and  the  space  4400  feet.  But  with  variable  velocity  there 
would  be  too  great  error  in  assuming  the  velocity  as  uniform 
for  4400  feet  or  for  the  time  of  100  seconds.  Using  a  stop- 
watch registering  fifths  of  a  second,  a  1%  accuracy  would 
require  but  20  seconds  and  a  space  of  880  feet,  at  30  miles  per 
hour.  Wellington  suggests  that  the  space  be  made  293  feel 
4  inches,  or  -j-^  of  a  mile;  then  the  speed  in  miles  per  hour 
equals  200 -f- 5,  in  which  s  is  the  time  in  seconds  required  to 
traverse  the  293'  4".  For  instance,  suppose  the  time  required 
to  pass  the  interval  is  12.5  seconds.  iV  mile  in  12.5  seconds  — 
one  mile  in  225  seconds,  or  16  miles  per  hour.  But  likewise 
200-^12.5=16,  the  required  velocitj'.  The  following  features 
should  be  noted  when  obtaining  data  for  the  computations: 

(a)  All  critical  grades  on  the  road  should  be  located  and 
their  profiles  obtained — by  a  survey  if  necessary. 

(b)  At  the  bottom  and  top  of  all  long  grades  (and  perhaps  at 
intermediate  points  if  tlie  grades  are  ver^'  long)  spaces  of  kno\^-n 
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length  (preferably  293^  feet)  should  be  measured  off  and  marked 
by  flags,  painted  boards,  or  any  other  serviceable  targets. 

(c)  Provided  with  a  stop-watch  marking  fifths  of  seconds 
the  observer  should  ride  on  the  trains  affected  by  these  grades 
and  note  the  exact  interval  of  time  required  to  -pass  these  spaces. 
If  the  space  is  293 J  feet,  the  velocity  in  miles  per  hour— 200^ 
interval  in  seconds.     In  general, 

V  _ distance  in  feet  X  3600  r^dTi 

"time  in  seconds  X  5280 ^ 

(d)  Since  these  critical  grades  are  those  wliich  require  the 
greatest  tax  on  the  power  of  the  locomotive,  the  conditions 
imder  which  the  locomotive  is  working  must  be  known — ^i.e., 
the  steam  pressure,  point  of  cut-off,  and  position  of  the  throttle. 
Economy  of  coal  consumption  as  well  as  efficient  working  at 
high  speeds  requires  that  steam  be  used  expansively  (using  an 
early  cut-off),  and  even  that  the  throttle  be  partly  closed;  but 
when  an  engine  is  slowly  cUmbing  up  a  maximum  grade  with  a 
full  load  it  is  not  exerting  its  maximum  tractive  power  unless 
it  has  its  maximum  steam  pressure,  wide-open  throttle,  and  is 
cutting  off  nearly  at  full  stroke.  These  data  must  therefore 
be  obtained  so  as  to  know  whether  the  engine  is  developing 
at  a  critical  place  all  the  tractive  force  of  which  it  is  capable. 
The  condition  of  the  track  (wet  and  slippery  or  dry)  and  the 
approximate  direction  and  force  of  the  wind  should  be  noted 
with  sufficient  accuracy  to  judge  whether  the  test  has  been  made 
under  ordinary  conditions  rather  than  under  conditions  which 
are  exceptionally  favorable  or  unfavorable. 

(c)  The  train- loading  should  be  obtained  as  closely  as  possible. 
Of  course  the  dead  weight  of  the  cars  is  easily  found,  and  the 
records  of  the  freight  department  will  usually  give  the  live 
load  with  all  sufficient  accuracy. 

459.  Use  of  the  data  obtained.  A  very  brief  inspection 
of  the  results,  freed  from  refined  calculations  or  uncertainties,, 
will  demonstrate  the  following  truths: 

(a)  If,  on  a  uniform  grade,  the  velocity  increases,  it  shows 
that,  xmder  those  conditions  of  engine  working,  the  load  is  less 
than  the  engine  can  handle  on  that  grade 

(6)  If  the  velocity  decreases,  it  shows  that  the  load  is  greater 
than  the  engine  can  handle  on  an  indefinite  length  of  such 
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grade.  It  shows  that  such  a  grade  is  being  operated  by  momen- 
tum. From  the  rate  of  decrease  of  velocity  the  maximum 
practicable  length  of  such  a  grade  (starting  with  a  given  velocity) 
may  be  easily  computed. 

(c)  By  combining  results  under  different  conditions  of  grade 
but  with  practically  the  same  engine  working,  the  tractive 
power  of  the  engine  may  be  determined  (according  to  the  prin- 
ciples previously  demonstrated)  for  any  grade  and  velocity. 
For  example:  On  an  examination  of  the  profile  of  a  division 
of  a  road  the  maximum  grade  was  found  to  be  1.62%  (85.54 
feet  per  mile).  At  the  bottom  and  near  the  top  of  this  grade 
two  lengths  of  293'  4"  are  laid  off.  The  distance  between  the 
centers  of  these  lengths  is  6000  feet.  A  freight  train  moving 
up  the  grade  is  timed  at  9f  seconds  on  the  lower  stretch  and  7} 

200         200 
seconds  on  the  upper.     These  times  correspond  to  -^-j  and  i=-x 

or  21.3  and  26.3  miles  per  hour  respectively.     It  is  at  once 

observed  that  the  velocity  has  increased  and  that  the  engine 

could  draw  even  a  heavier  load  up  such  a  grade  for  an  indefinite 

distance.     How  much  heavier  might  the  load  be? 

For  simpUcity   we   will   assume   that    the   conditions   were 

normal,  neither  exceptionally  favorable  nor  unfavorable,  and 

that  the  engine  was  worked  to  its  maximum  capacity.     The 

engine   is  a   "consolidation"   weighing   128700    pounds,    with 

112600  pounds    on  the  drivers.      The  train-load  behind   the 

engine  consists  of  ten  loaded  cars  weighing  466  tons  and  eleven 

empties  weighing  183  tons,  thus  making  a  total  train-weight  of 

712  tons.     Applying  Eq.  140,  we  find  that  the  additional  force 

which  the  engine  has  actually  exerted  per  ton  in  increasing  the 

velocity  from  21.3  to  26.3  miles  per  hour  in  a  distance  of  6000 

feet  is 

70  224 
P=  -^^(26.3^-21.3^)  =2.78  pounds  per  ton 

The  grade  resistance  on  a  1.62%  grade  is  32.4  pounds  per 
ton.  With  an  average  train  resistance  of  seven  pounds  per  ton 
the  total  necessary  pull  for  uniform  velocity  would  be  39.4 
pounds.  But  the  engine  is  actually  exerting  an  additional  pull 
of  2.78  pounds  per  ton.  Evidently  its  total  load  might  be 
increased  proportionately,  i.e.,  the  total  train-load  might  equal 
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This  shows  that  50  tons  additional  might  have  been  loaded 
on,  say,  three  more  empties  or  one  loaded  car  and  one  empty. 
An  overload  of  a  few  tons  would  easily  be  made  up  by  a  very 
slight  reduction  in  the  velocity. 

The  above  calculation  should  of  course  be  considered  simply 
as  a  **  single  observation."  The  performance  of  the  same  engine 
on  the  same  grade  (as  well  as  on  many  other  grades)  on  succeed- 
ing days  shoidd  also  be  noted.  It  may  readily  happen  that 
variations  in  the  condition  of  the  track  or  of  the  handling  of  the 
engine  may  make  considerable  variation  in  the  results  of  the 
several  calculations,  but  when  the  work  is  properly  done  it  is 
always  possible  to  draw  definite  and  very  positive  deductions. 

460.  Reducing  the  starting  grade  at  stations.  The  resistance 
to  starting  a  train  is  augmented  from  two  causes :  (a)  the  trac- 
tive resistances  are  usually  about  20  pounds  per  ton  instead 
of,  say,  6  pounds,  and  (6)  the  inertia  resistance  must  be  overcome. 
The  inertia  resistance  of  a  freight  train  (see  §  347)  which  is 
expected  to  attain  a  velocity  of  15  miles  per  hour  in  a  distance 
of  1000  feet  is  (see  Eq.  140) 

70  224 
P  =  ^'  ( 15^  —  0)  =  15 . 8  pounds  per  ton,  which  is  the  equiva- 
lent of  a  0.79%  grade.  Adding  this  to  a  grade  which  nearly  or 
quite  equals  the  ruling  grade,  it  virtually  creates  a  new  and 
higher  ruling  grade.  Of  course  that  additional  force  can  be 
greatly  reduced  at  the  expense  of  slower  acceleration,  but  even 
this  cannot  be  done  indefinitely,  and  an  acceleration  to  only 
15  miles  per  hour  in  1000  feet  is  as  slow  as  should  be  allowed 
for.  With  perhaps  14  pounds  per  ton  additional  tractive 
resistance,  we  have  about  30  pounds  per  ton  additional — equiva- 
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lent  to  a  1.5%  grade.    Instances  are  known  where  it  has  proven 
wi^e  to  create  ^  humj)  (in  what  wtvs  otherwise  a  uniform  grade) 
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at  a  station.  The  effect  of  this  on  high-speed  passenger  trains 
moving  up  the  grade  would  be  merely  to  reduce  thdr  speed 
very  slightly.  No  harm  is  done  to  trains  moving  down  the 
grade.  Freight  trains  moving  up  the  grade  and  intending  to 
stop  at  the  station  will  merely  have  their  velocity  reduced  as 
they  approach  the  station  and  ^vill  actually  save  part  of  the 
wear  and  tear  otherwise  resulting  from  aj^lying  brakes.  When 
the  trains  start  they  are  assisted  by  the  short  down  grade, 
just  where  they  need  assistance  most.  Ev&o.  if  the  grade  CD 
is  still  an  up  grade,  the  pull  required  at  starting  is  lc&$  than  that 
required  on  the  uniform  grade  by  an  amount  equal  to  20  times 
the  difference  of  the  grade  in  per  cent. 


APPENDIX. 

THE  ADJUSTMENTS   OF  INSTRUMENTS. 

The  accuracy  of  instrumental  work  may  be  vitiated  by  any 
one  of  a  large  number  of  inaccuracies  in  the  geometrical  relations 
of  the  parts  of  the  instruments.  Some  of  these  relations  are  so 
apt  to  b*^  rltered  by  ordinary  usage  of  the  instrument  that  the 
makers  have  provided  adjusting-screws  so  that  the  inaccuracies 
may  be  readily  corrected.  There  are  other  possible  defects, 
which,  however,  will  seldom  be  found  to  exist,  provided  the 
instrument  was  properly  made  and  has  never  been  subjected  .to 
treatment  sufficiently  rough  to  distort  it.  Such  defects,  when 
found,  can  only  be  corrected  by  a  competent  instrument-maker 
or  repairer. 

A  WARNING  is  necessary  to  those  who  would  test  the  accuracy 
cf  instruments,  and  especially  to  those  whose  experience  in  such 
work  is  small.  Lack  of  skill  in  handling  an  instrument  will 
often  indicate  an  apparent  error  of  adjustment  when  the  real 
error  is  very  differ^it  or  perhaps  non-existent.  It  is  always  a 
safe  plan  when  testing  an  adjustment  to  note  the  amount  of  the 
apparent  error ;  then,  beginning  anew,  make  another  independent 
determination  of  the  amount  of  the  error.  When  two  or  more 
'perfectly  independent  determinations  of  such  an  error  are  made 
it  will  generally  be  found  that  they  differ  by  an  appreciable 
amount.  The  differences  may  be  due  in  variable  measure  to 
careless  inaccurate  manipulation  and  to  instrumental  defects 
which  are  wholly  independent  of  the  particular  test  being  made. 
Such  careful  determinations  of  the  amounts  of  the  errors  are 
generally  advisable  in  view  of  the  next  paragraph. 

Do    NOT    DISTURB    THE    ADJUSTING-SCREWS    ANY    MORE    THAN 

NECESSARY.  Although  metals  are  apparently  rigid,  they  are 
really  elastic  and  yielding.  If  some  parts  of  a  complicated 
mechanism,  which  is  held  together  largely  by  fricticHi',  are  sub- 
jected to  greater  internal  stresses  than  other  parts  of  the  meeh- 
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anism,  the  jarring  resulting  from  handling  will  frequently  cause 
a  slight  readjustment  in  the  parts  which  will  tend  to  more  nearly 
equalize  the  internal  stresses.  Such  action  frequently  occurs 
with  the  adjusting  mechanism  of  instruments.  One  screw  may 
be  strained  more  than  others.  The  friction  of  parts  may  pre- 
vent the  opposing  screw  from  immediately  taking  up  an  equal 
stress.  Perhaps  the  adjustment  appears  perfect  under  these 
conditions  Jarring  diminishes  the  friction  between  the  parts, 
and  the  unequal  stresses  tend  to  equalize.  A  motion  takes  place 
which,  although  microscopically  minute,  is  sufficient  to  indicate 
an  error  of  adjustment.  A  readjustment  made  by  unskillful 
hands  may  not  make  the  final  adjustment  any  more  perfect. 
The  frequent  shifting  of  adjusting-screws  wears  them  badly, 
and  when  the  screws  are  worn  it  is  still  more  difficult  to  keep 
them  from  moving  enough  to  vitiate  the  adjustments.  It  is 
therefore  preferable  in  many  cases  (o  refrain  from  disturbing  the 
adjusting-screws,  especially  as  the  accuracy  of  the  work  done  is 
not  necessarily  affected  by  errors  of  adjustment,  as  may  be 
illustrated : 

(a)  Certain  operations  are  absolutely  unaffected  by  certain 
errors  of  adjustment. 

(6)  Certain  operations  are  so  slightly  affected  by  certain  small 
errors  of  adjustment  that  their  effect  may  properly  be  neglected. 

(c)  Certain  errors  of  adjustment  may  be  readily  allowed  for 
and  neutralized  so  that  no  error  results  from  the  use  of  the 
unadjusted  instrument.  Illustrations  of  all  these  cases  will  be 
given  under  their  proper  heads. 

ADJUSTMENTS   OP  THE   TRANSIT. 

1.  To  have  the  plafe-huhhles  in  the  center  of  the  tubes  when  the 
axis  is  verticxil.  Clamp  the  upper  plate  and,  with  the  lower 
clamp  loose,  swing  the  instrument  so  that  the  plate-bubbles  arc 
parallel  to  the  lines  of  opposite  leveling-screws.  Level  up  until 
both  bubbles  are  central.  Swing  the  instrument  180®.  If  the 
bubbles  again  settle  at  the  center,  the  adjustment  is  perfect.  If 
either  bubble  does  not  settle  in  the  center,  move  the  leveling- 
screws  until  the  bubble  is  half-way  back  to  the  center.  Then, 
before  touching  the  adjusting-screws,  note  carefully  the  position 
of  the  bubbles  and  observ^e  whether  the  bubbles  always  settle  at 
the  8am£  place  in  the  tube,  no  matter  to  what  position  the  in- 
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stniiiient  may  be  rotated.  When  the  instrument  is  so  leveled, 
the  axis  is  tnily  vertical  and  the  discrepancies  between  this 
constant  position  of  the  bubbles  and  the  centers  of  the  tubes 
measure  the  errors  of  adjustment.  ]3y  means  of  the  adjusting- 
screws  bring  each  bubble  to  the  center  of  the  tube.  If  this  is 
done  so  skillfully  that  the  true  level  of  the  insti-ument  is  not 
disturbed,  the  bubbles  should  settle  in  the  center  for  aU  positions 
of  the  instrument.  Under  unskillful  hands,  two  or  more  such 
trials  maj'  be  necessary. 

When  the  plates  are  not  horizontal,  the  measured  angle  is  greater  than 
the  true  horizontal  angle  by  the  difference  between  the  measured  angle 
and  its  projection  on  a  horizontal  plane.  When  this  angle  of  inclination 
is  small,  the  difference  is  insignificant.  Therefore  when  the  plate-bubbles 
are  very  nearly  in  adjustment,  the  error  of  measurement  of  horizontal 
angles  may  be  far  within  the  lowest  unit  of  measurement  used.  A  amall 
error  of  adjustment  of  the  plate-bubble  perpendicular  to  the  telescope  will 
affect  the  horizontal  angles  by  only  a  small  proportion  of  the  error,  which 
will  be  perhaps  imperceptible.  Vertical  angles  will  be  affected  by  the 
same  insignificant  amount.  A  amall  error  of  adjustment  of  the  plate- 
bubble  parallel  to  the  telescope  will  affect  horizontal  angles  very  slightly, 
but  will  affect  vertical  angles  by  the  full  amount  of  the  error. 

All  error  due  to  unadjusted  plate-bubbles  may  be  avoided  by  noting  in 
what  positions  in  the  tubes  the  bubbles  will  remain  fixed  for  all  positions 
of  azimuth  and  then  keeping  the  bubbles  adjusted  to  these  positions,  for 
the  axis  is  then  truly  vertical.  It  will  often  save  time  to  work  in  this  way 
temporarily  rather  than  to  stop  to  make  the  adjustments.  This  should 
especially  be  done  when  accurate  vertical  angles  are  required. 

When  the  bubbles  are  truly  adjusted,  they  should  remain  stationary 
regardless  of  whether  the  telescope  is  revolved  with  the  upper  plate  loose 
and  the  lower  plate  clamped  or  whether  the  whole  instrument  is  revolved, 
the  plates  being  clamped  together.  If  there  is  any  appreciable  difference, 
it  shows  that  the  two  vertical  axes  or  "centers"  of  the  plates  are  not  con- 
centric. This  may  be  due  to  cheap  and  faulty  construction  or  to  the  exces- 
sive wear  that  may  be  sometimes  observed  in  an  old  instrument  originally 
well  made.     In  either  case  it  can  only  be  corrected  by  a  maker. 

2.  To  make  the  revolving  axis  of  the  telescope  perpendicular  to 
the  vertical  axis  of  the  instrument.  This  is  best  tested  by  using 
a  long  plumb-line,  so  placed  that  the  telescope  must  be  pointed 
upward  at  an  angle  of  about  45°  to  sight  at  the  top  of  the  plumb- 
line  and  downward  about  the  same  amount,  if  possible,  to 
sight  at  the  lower  end.  The  vertical  axis  of  the  transit  must 
be  made  truly  vertical.  Sight  at  the  upper  part  of  the  Iine> 
clamping  the  horizontal  plates.  Swing  the  telescope  down 
and  see  if  the  cross-wire  again  bisects  the  cord.  If  so,  the 
adjustment  is  probably  perfect  (a  conceivable  exception  will  be 
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noted  later) ;  if  not,  rakje  or  lower  one  end  of  the  axis  by  means 
of  the  adjusting-screws,  placed  at  the  top  of  one  of  the  standards, 
until  the  cross-wire  will  bisect  the  cord  both  at  top  and  bottom. 
The  plumb-bob  may  be  steadied,  if  necessary,  by  hanging  it 
in  a  pail  of  water.  As  many  telescopes  cannot  be  focused 
on  an  object  nearer  than  G  or  8  feet  from  the  telescope,  this 
method  requires  a  long  plumb-line  swung  from  a  high  point, 
which  may  be  inconvenient. 

Another  method  is  to  set  up  the  instrument  about  10  feet 
from  a  high  wall.  After  leveling,  sight  at  some  convenient 
mark  high  up  on  the  wall.  S\dng  the  telescope  down  and  make 
a  mark  (when  working  alone  some  convenient  natural  mark  may 
generally  be  found)  low  down  on  the  wall.  Plunge  the  telescope 
and  revolve  the  instrument  about  its  vertical  axis  and  again  sight 
at  the  upper  mark.  Swing  down  to  the  lower  mark.  If  the 
wire  again  bisects  it,  the  adjustment  is  perfect.  If  not,  fix  a 
point  half-way  between  the  two  positions  of  the  lower  mark. 
The  plane  of  this  point,  the  upper  point,  and  the  center  of  the 
instnunent  is  truly  vertical.  Adjust  the  asis  to  these  upper  and 
lower  points  as  when  \ising  the  plumb-line. 

3.  To  make  the  Une  of  coUimatlon  perpendicular  to  the  revolving 
axis  of  the  telescope.  With  the  instrument  level  and  the  telescope 
nearly  horizontal  point  at  some  well-defined  point  at  a  distance 
of  200  feet  or  more.  Plunge  the  teJnscope  and  establish  a  point 
in  the  opposite  direction.  Turn  the  whole  instrument  about  the 
vertical  axis  until  it  again  points  at  the  first  mark.  Again 
plunge  to  ''direct  position"  (i.e.,  with  the  level-tube  under 
the  telescope).  If  the  vertical  cross-wire  again  points  at  th« 
second  raai-k,  the  adjustment  Is  perfect.  If  not,  the  error  is 
one-fourth  of  the  distance  between  the  two  positions  of  the 
second  mark.  Loosen  the  capstan  screw  on  one  side  of  the 
telescope  and  tighten  it  on  the  other  side  until  the  vertical 
wire  is  set  at  the  one-fourth  mark.  Turn  the  whole  instrument 
by  means  of  the  tangent  screw  imtil  the  vertical  wire  is  midway 
between  the  two  positions  of  the  second  mark.  Plunge  the 
telescopvi.  If  the  adjusting  has  been  skillfully  done,  the  cross- 
wire  should  come  exactly  to  the  first  mark.  As  an  "erecting 
eyepiece"  reinverts  an  image  already  inverted,  the  ring  carrying 
the  cross-wires  must  be  moved  in  the  same  direction  as  the 
apparent  error  in  order  to  correct  that  error. 
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The  neceifllty  for  the  third  adjustment  lies  principally  in  the  practice 
of  producing  a  line  by  plunging  the  telescope,  but  when  this  is  required  to 
be  done  with  great  accuracy  it  is  alwaj'S  better  to  obtain  the  forward  point 
by  reversion  (as  described  above  for  making  the  test)  and  take  the  mean 
of  the  two  forward  points.  Horizontal  and  vertical  angles  are  practically 
unaffected  by  small  errors  of  this  adjustment,  unless,  in  the  case  of  hori- 
zontal angles,  the  vertical  angles  to  the  points  observed  are  very  different. 

Unnecessary  motion  of  the  adjusting-screws  may  sometimes  be  avoided 
by  carefully  establishing  the  forward  point  on  line  by  repeated  reversions 
of  the  instrument,  and  thus  determining  by  repeated  trials  the  exact  amount 
of  the  error.  Differences  in  the  amount  of  error  determined  would  be 
evidence  of  inaccuracy  in  manipulating  the  instrument,  and  would  show 
that  an  adjustment  based  on  the  first  trial  would  probably  prove  unsatis- 
factory. 

The  2d  and  3d  adjustments  are  mutually  dependent.  If  either  adjust- 
ment is  badly  out,  the  other  adjustment  cannot  be  made  except  as  follows: 

(a)  The  second  adjustment  can  be  made  regardless  of  the  third  when 
the  lines  to  the  high  point  and  the  low  point  make  equal  angles  with  the 
borisontal. 

(6)  The  third  adjustment  can  be  made  regardless  of  the  second  when 
the  front  and  rear  points  are  on  a  level  with  the  instrument. 

When  both  of  these  requirements  are  nearly  fulfilled,  and  especially 
when  the  error  of  either  adjustment  is  small,  no  trouble  will  be  found  in 
perfecting  either  adjustment  on  account  of  a  small  error  in  the  other  ad- 
justment. 

If  the  test  for  the  second  adjustment  is  made  by  means  of  the  plimib- 
line  and  the  vertical  cross-wire  intersects  the  line  at  all  points  as  the  tele- 
scope is  raised  or  lowered,  it  not  only  demonstrates  at  once  the  accuracy 
of  that  adjustment,  but  also  shows  that  the  third  adjustment  is  either 
perfect  or  has  so  small  an  error  that  it  does  not  affect  the  second. 

4.  To  have  the  bubble  of  the  telescope-level  in  the  center  of  the 
tube  when  the  line  of  collimation  is  horizontal.  The  line  of  colli- 
mation  should  coincide  -wdth  the  optical  axis  of  the  telescope. 
If  the  object-glass  and  eyepiece  have  been  properly  centered, 
the  previous  adjustment  will  have  brought  the  vertical  cross- 
wire  to  the  center  of  the  field  of  view.  The  horizontal  cross- 
wire  should  also  be  brought  to  the  center  of  the  field  of  view, 
and  the  bubble  should  be  adjusted  to  it. 

a.  Peg  method.  Set  up  the  transit  at  one  end  of  a  nearly 
level  stretch  of  about  300  feet.  Clamp  the  telescope  with  its 
bubble  in  the  center.  Drive  a  stake  vertically  under  the  eye- 
piece of  the  transit,  and  another  about  300  feet  away.  Observe 
the  height  of  the  center  of  the  eyepiece  (the  telescope  being 
level)  above  the  stake  (calling  it  a) ;  observe  the  reading  of  the 
rod  when  held  on  the  other  stake  (calling  it  b) ;  take  the  instru- 
ment to  the  other  stake  and  set  it  up  so  that  the  eyepiece  is 
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vertically  over  the  staJce,  observing  the  height,  c  ;  take  a  reading 
on  the  first  stake,  calling  it  d.  If  this  adjustment  is  perfect, 
then 

a—d—h—Cj 
or         {a—d)  —  {h—c)=Q, 
Call      {a-d)-Q)-c)=2m, 
When  m  is  positive,  the  line  points  downward; 
"      m "  negative,  "     "        "       upward. 

To  adjust:  if  the  line  points  wp,  sight  the  horizontal  cross- 
wire  (by  moving  the  vertical  tangent  screw)  at  a  point  which  is 
m  lower,  then  adjust  the  bubble  so  that  it  is  in  the  center. 

By  taking  several  independent  values  for  a,  h,  c,  and  d,  a  mean  valiie 
for  m  is  obtained,  which  is  more  reliable  and  which  may  save  much  uih 
necessary  working  of  the  adjusting-screws. 

b.  Using  an  auxiliary  level.  When  a  carefully  adjusted  level 
is  at  hand,  this  adjustment  may  sometimes  be  more  easily 
made  by  setting  up  the  transit  and  level,  so  that  their  lines  of 
collimation  are  as  nearly  as  possible  at  the  same  height  If  a 
point  may  be  found  which  is  half  a  mile  or  more  away  and 
which  is  on  the  horizontal  cross-wire  of  the  level,  the  horizontal 
cross-wire  of  the  transit  may  be  pointed  directly  at  it,  and  the 
bubble  adjusted  accordingly.  Any  slight  difference  in  the 
heights  of  the  lines  of  collimation  of  the  transit  and  level  (say 
J")  may  almost  be  disregarded  at  a  distance  of  J  mile  or  more, 
or,  if  the  difference  of  level  would  have  an  appreciable  effect, 
even  this  may  be  practically  eliminated  by  making  an  estimated 
allowance  when  sighting  at  the  distant  point.  Or,  if  a  distant 
point  is  not  available,  a  level-rod  with  target  may  be  used  at  a 
distance  of  (say)  300  feet,  making  allowance  for  the  carefully 
determined  difference  of  elevation  of  the  two  lines  of  collimation. 

5.  Zero  of  vertical  circle.  When  the  line  of  collimation  is  truly 
horizontal  and  the  vertical  axis  is  truly  vertical,  the  reading 
of  the  vertical  circle  should  be  0°.  If  the  arc  is  adjustable, 
it  should  be  brought  to  0°.  If  it  is  not  adjustable,  the  index 
error  should  be  observed,  so  that  it  may  be  applied  to  all  readings 
of  vertical  angles. 

ADJUSTMENTS  OP  THE  WYE  LEVEL. 

1.  To  make  the  line  of  collim<iiion  coincide  with  the  center  of 
the  ri7igs.     Point  the  intersection  of  the  cross-wires  at  soxoe 
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well-defined  point  which  is  at  a  considerable  distance.  The  in- 
strument need  not  be  level,  which  allows  much  greater  liberty 
in  choosing  a  convenient  point.  The  vertical  axis  should  be 
clamped,  and  the  clips  over  the  wyes  should  be  loosened  and 
raised.  Rotate  the  telescope  in  the  wyes.  The  intersection  of 
the  cross-wires  should  be  continually  on  the  point.  If  it  is  not^ 
it  requires  adjustment.  Rotate  the  telescope  180°  and  adjust 
one-half  of  the  error  by  means  of  the  capstan-headed  screws  that 
move  the  cross-wire  ring.  It  should  be  remembered  that,  with 
an  erecting  telescope,  on  account  of  the  inversion  of  the  image, 
the  ring  should  be  moved  in  the  direction  of  the  apparent  error. 
Adjust  the  other  half  of  the  error  with  the  leveling-screws. 
Then  rotate  the  telescope  90°  from  its  usual  position,  sight 
accurately  at  the  point,  and  then  rotate  180°  from  that  position 
and  adjust  any  error  as  before.  It  may  require  several  trials, 
but  it  is  necessary  to  adjust  the  ring  until  the  intersection  of 
the  cross-wires  will  remain  on  the  point  for  any  position  of 
rotation. 

If  such  a  test  is  made  on  a  very  distant  point  and  again  on  a  point  only 
10  or  1ft  feet  from  the  instrument,  the  adjustment  may  be  found  correct 
for  one  point  and  incorrect  for  the  other.  This  indicates  that  the  object- 
slide  is  improperly  centered.  Usually  this  defect  can  only  be  corrected  by 
an  instrument-maker.  If  the  diflference  is  very  small  it  may  be  ignored, 
but  the  adjustment  should  then  be  made  on  a  point  which  is  at  about  the 
mean  distance  for  usual  practice — say  150  feet. 

If  the  whole  image  appears  to  shift  as  the  telescope  is  rotated,  it  indi- 
cates that  the  eyepiece  is  improperly  adjusted.  This  defect  is  likewise 
usually  corrected  only  by  the  maker.  It  does  not  interfere  with  instru- 
mental accuracy,  but  it  usually  causes  the  intersection  of  the  cross-wires 
to  be  eccentric  with  the  field  of  view. 

2.  To  make  the  axis  of  the  Icvel-tybe  parallel  to  the  line  of  coUi- 
ination.  Raise  the  clips  as  far  as  possible.  Swing  the  level 
so  that  it  is  parallel  to  a  pair  of  opposite  leveling-screws  and 
clamp  it.  Bring  the  bubble  to  the  middle  of  the  tube  by  means 
of  the  leveling-screws.  Take  the  telescope  out  of  the  wyes  and 
replace  it  end  for  end,  using  extreme  care  that  the  wyes  are  not 
jarred  by  the  action.  If  the  bubble  does  not  come  to  the  center, 
correct  one-half  of  the  error  by  the  vertical  adjusting-screws  at 
one  end  of  the  bubble.  Correct  the  other  half  by  the  leveling- 
screws.  Test  the  work  by  again  changing  the  telescope  end  for 
end  in  the  wyos. 

Care  should  be  taken  while  making  this  adjustment  to  see 
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that  the  lerv^el-tube  is  vertically  under  the  telescof>e.  With  th6 
bubble  in  the  center  of  the  tube,  rotate  the  telescope  in  the  wyes 
for  a  considerable  angle  each  side  of  the  vertical.  If  the  fin* 
half  of  the  adjustment  has  been  made  and  the  bubble  moves,  it 
shows  that  the  axis  of  the  wyes  and  the  axis  of  the  level-tube 
are  not  in  the  same  vertical  plane  although  both  have  been  made 
horizontal.  By  moving  one  end  of  the  level-tube  sidewise  by 
means  of  the  horizontal  screws  at  one  end  of  the  tube,  the  two 
axes  may  be  brought  into  the  same  plane.  As  this  adjustment 
is  liable  to  distm-b  the  other,  both  should  be  alternately  tested 
until  both  requirements  are  complied  with. 

By  these  methods  the  axis  of  the  bubble  is  made  pKirallel  to 
the  axis  of  the  wyes;  and  as  this  has  been  made  parallel  to  the 
lines  of  collimation  by  means  of  the  previous  adjustment,  the 
axis  of  the  bubble  is  therefore  parallel  to  the  line  of  oollimation. 

3.  To  make  the  line  of  collimation  perpendicular  to  the  vertical 
axis.  Level  up  so  that  the  instrument  is  approximately  level 
over  both  sets  of  leveling-screws.  Then,  after  leveling  carefully 
over  one  pair  of  screws,  revolve  the  telescope  180°  If  it  is  not 
level,  adjust  half  of  the  error  by  means  of  the  capstan-headed 
screw  under  one  of  the  wj-es,  and  the  other  half  by  the  leveling- 
screws.     Reverse  again  as  a  test. 

When  the  first  two  adjustments  have  been  acovrately  made,  good  leTet^ 
\ng  may  always  be  done  by  biinging  the  bubbte  to  the  center  by  means  of 
the  lerefingHBcrews,  at  every  sight  if  necessary,  even  if  the  third  adjiust. 
ment  is  not  made.  Of  course  thffi  third  adjustment  shoidd  be  made  as  a 
matter  of  eonreni^aoe,  so  that  the  line  of  eollimation  may  be  always  ItnA 
no  matter  hi  what  direction  it  may  he  pointed,  but  it  is  not  neceamrp  te 
stop  work  to  make  this  adjustment  every  time  it  is  found  to  bo  defective. 

ADJUSTMENTS  OF  THE  DUMPY  LEVEL. 

1.  To  make  the  axis  of  the  level-tube  pefpendieular  to  the  vertical 
axis.  Level  up  so  that  the  instrument  is  approximately  level 
over  both  sets  of  leveling-screws.  Then,  after  leveling  care- 
fully over  one  pair  of  screws,  revolve  the  telescope  180**.  If 
it  is  not  level,  adjust  one-half  of  the  error  by  means  of  the  adjust- 
ing-screws at  one  end  of  the  bubble,  and  the  other  half  by 
means  of  the  leveling-screws.     Reverse  again  as  a  test. 

2.  To  make  the  line  of  collimation  perpendicular  to  the  vertical 
axis.  The  method  of  adjustment  is  identical  with  that  for 
the  transit  (No.  4,  p.  505)  except  that  the  cross-wire  must  be 
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adjusted  to  agree  with  the  level-bubble  rather  than  vice  versa,  ag 
b  the  case  with  the  corresponding  adjustment  of  the  transit; 
i.e.,  with  the  level-bubble  in  the  center,  raise  or  lower  the  hori- 
zontal cross-wire  until  it  points  at  the  mark  known  to  be  on 
a  level  with  the  center  of  the  instrument. 

If  the  instrument  has  been  well  made  and  has  not  been  dis- 
torted by  rough  usage,  the  cross-wires  will  intersect  at  the 
center  of  the  field  of  view  when  adjusted  as  described.  If  they 
do  not,  it  indicates  an  error  which  ordinarily  can  only  be  cor- 
rected by  an  instrument-maker.  The  error  may  be  due  to  any 
one  of  several  causes,  which  are 

(a)  faulty  centering  of  object-slide; 

(6)  faulty  centering  of  eyepiece; 

(c)  distortion  of  instrument  so  that  the  geometric  axis  of 
the  telescope  is  not  perpendicular  to  the  vertical  axis.  If  the 
error  is  only  just  perceptible,  it  will  not  probably  cause  any 
error  in  the  work. 


EXPLANATORY  NOTE  ON  THE  USE  OF  THE  TABLES. 

The  locjarithms  here  given  arc  "five-place,"  but  the  last 
figure  sometimes  has  a  special  mark  over  it  (e.g.,  6)  Tvliich  indi- 
cates that  one-half  a  unit  in  the  last  place  should  be  ad^ed. 
For  example 


the  value 
.69586 
.6958B 


includes  all  values  between 
•6958575000  +  and  .6958624999. 
.6958625000  +  and  .6958674999. 


The  maximum  error  in  any  one  value  therefore  does  not 
exceed  one-quarter  of  a  fifth-place  unit. 

When  adding  or  subtracting  such  logarithms  allow  a  half-imit 
for  such  a  sign.     For  example 

.69586  .69586  .69586 

.10841  .10841  .10841 

.1294?  .12947  .12947 

.9337i  .93375  .93375 

All  other  logarithmic  operations  are  performed  as  usual  and 
are  supposed  to  be  understood  by  the  student. 
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8517S 

633 

60 

60113 

569 

90 

75579 

518 

54 

71478 

4 

b 

709 

_40 

85089 
65000 

631 
630 

29    2 

80033 
79954 

508 

90 

755Q8 

7543fi 

517 

76 

71413 

G 

e 

707 

95    2 

563 

02    2 

516 

99    2 

71348 

€ 

7 

706 

49 

84911 

639 

14 

79874 

507 

09 

75365 

516 

21 

71283 

7 

a 

705 

05 

84622 

627 

99 

79795 

566 

10 

75293 

515 

44 

7121 

3 

9 

70J 

61 

84733 

636 

85 

797ie 

565 

23 

7532^ 

514 

68 

71153 
71081 

9 

10 

703 

JJ   _ 

14644 
84556 

625 

71 

79637 
7&'55'S 

_564 
563 

31 
33    3 

75151 
7500B 

513 

Bl 

10 

11 

700 

75    2 

634 

53    3 

513 

15,  3- 

71034 
709  50 

11 

13 

699 

33 

34468 

623 

45 

79430 

503 

47 

750O§ 

512 

38  1 

13 

as 

697 

91, 

84380 

622 

32 

79401 
79323 

561 

55 

74939 

511 

63 ; 

7089  & 

13 

14 

896 

50 

84392 

621 

20 

560 

64 

748  6  ^ 

510 

37       , 

70831 

14 

.15 

695 

09 

842  OJ 
84117 1 

620 
618 

00 
97    2 

7924B 
79167 

559 
558 

73   

S3     2 

74798 
74737 

HP 
509 

.11  ! 

70767 

ifi 

16 

893 

70    2 

36  1  2 ' 

70701 
70831 

1< 

17 

fl92 

30 

84023 

617 

87 

79089 

1557 

92 

746  57 

5  08 

81  '     . 

17 

18 

600 

91 

83941 

616 

76 

79011 

557 

02 

74567 

507 

66  1 

70575 

18 

Ifl 

689 

53 

88855 

816 

61  ' 

78934 

556 

13 

74517 

5C7 

12 

70511 
70447 

IB 

,ao 

688 

yA  — 

.33708 
83662 

614 

56 

76856 
7B775 

|R^5 

33 

74447 

74377 
74507 

50  5~ 

38  ! 

30 

21 

686 

78    2 

613 

47    2 

554 

34    2 

64  ;2 

70S6S 

%\ 

22 

635 

43 

B359g 

613 

38 

78702 

553 

45 

5C4 

90; 

70830 

33 

23 

634 

06 

B35D9 

611 

30 

7SB3B 

552 

56 

7433B 
74166 

5C4 

16       . 

70257 
70193 

as 

U 

662 

70 

B3423 
33337 
"33351 

610 

21 

7854B 

551 

66 

5C3 

42!     . 

24 

.2a 

881 

35 
01    2 

60  B 
608 

1*  _ 
06    2 

^8471 
78395 

550 
'g4& 

80  _ 

92    2 

74099 
74030 

502 
501 

69  ^__ 

70130 

Jfi 

26 

660 

96    2 

70067 

S« 

37 

678 

67 

83166 

606 

99 

783  IB 

549 

05 

73B61 

501 

23 

TD004 

2: 

28 

G77 

34 

83  035 

605 

93 

78242 

548 

17 

73092 

5C0 

51 

89041 

1  ^> 

2» 

678 

01 

83995 

604 

86 

7B16?) 

547 

30 

73833 

469 

78 

69878 
89811 

Sfl 

,  30 

674 

89   _ 

62910 
82835 

603 
'602 

30   „ 

78083 

^40 

44 

73754 

^rfl 

ro 

80 

31 

673 

37    2 

75    2 

78013 

545 

57    2 

73685 

4G0 

84;  2 

69T5S  ^ 

81 

32 

672 

06 

B274D 

601 

70 

77938 

544 

71 

73617 

497 

62 

69690 

82 

33 

670 

75 

83856 

600 

65 

77662 

643 

86  . 

73543 

490 

91  1 

69637 

81 

84 

669 

45 

82571 

599 

61 

77780 

543 

00 

73400 

496 

19, 

69585 

B4 

39 

668 
660 

86    2 

3248? 
82403 
623  IS 

_!i98 
697 

57 
53    2 

77711 
77036 

[5fl2 

JJ.L_ 

X34ia 

73343 

495 
494 

lis  _ 
77   a 

89503 
'69445 
69378 

JS 

se 

641 

30    2 

J6 

37 

665 

57 

596 

50 

77661 

540 

45' 

73275 

494 

-07 

87 

sa 

064 

29 

3233G 

595 

47 

77486 

538 

61 

7320? 

4C3 

-36 

6931S 
.89251 

31 

39 

6R3 

01 

82152 

694 

44 

77411 

533 

76 

73140 

492 

66 

89 

40 

661 

11  ^ 

83061 
61935 

593 
593 

43    __ 
40    2 

77330 
77261 

537 
537 

92 

73072 

40] 
491 

Ji' 

69193 

Ifl 

41 

680 

47    2 

09    2 

73001 

20     2 

691SI 

41 

42 

659 

21 

81902 

691 

33 

77187 
77112 

536 

35 

7^9  3  T 

480 

-56 

69066 

6900? 

143 

43 

657 

95 

31619 

590 

37 

535 

42 

72060 

489 

-60 

41 

44 

656 

m 

8173G 

580 

36 

7703B 

53' 

59 

72BC5 

460 

a7 

68948 
68884 
6BB2I 

H 

45 

655^ 
654' 

45   __ 
20    2 

81553 

81 571 

586 
587 

36 
36    2 

70964 
76890 

".38 

77 

72736 

4P8 

ja  _ 

49 

46 

532 

94    2 

72668 

487 

79     2 

H 

47 

652 

96 

81489 

586 

36 

7681^ 

533 

12 

72601 

487 

.10 

88762 

47 

48 

651^ 

73 

8140G 

585 

30 

1^1  VI 

531 

30 

72534 

48t 

.43 

-68701 

41 

40 

650 

50 

81324 ' 

5B4 

37 

76669 

530 

49 

72487 

405 

.73 ; 

88640 

a 

50 

S49- 

IZ  _ 

81161 

563 

36 

76595 

76532 

,  5?9 
5:8 

n ' 

72fl01 

465 
484 

,05  *__ 

88570 

50 

61 

643 

05    2' 

5C2 

40     3 

"e  5  ,  2 

72334 

37 ;  3 

■  CI1C18 

11 

si 

B48 

84 

81075 

5B1 

42 

76449 

528 

05 

7236? 

483 

69 

08457 

a 

53 

645 

63 

80998 

560 

14 

76376 

527 

26  1 

72201 

403 

■  03 

'68891 

U 

04 

644^ 

42 

B0917 

579 

47 

76303 

528 

44! 

7?135 

4B3 

^34 

88335 

N 

58 

843 

33       - 

00836 
00755 

578 
577 

49 

53     3 

76330 
76157 

535 

_§*!_.. 

73069 
73003 

flfll 

^7  !_ 

-88275 

'  efir:il 

5f 

56 

S42 

02    2 

524 

84    2 

tt\ 

CO    2 

11 

fi? 

640 

33 

H0674 

576 

56  ! 

76085 

534 

06 

71937 

480 

33 

■88154 

Of 

SS  } 

A.^n 

fld 

80593 

575 

60s 

76012 

523 

25 

71871 

479 

-07 

Baceii 

St 

ffff  / 63S-45  1 

gf>5Ji? 

574 

64 

75935 

532 

46 

71805 

479 

■  00 

■ 68CS3 

59 

30  1^37 '27  \ 

S04S^ 

573-69  1 

1 

7&fi67Ul\  6Tt 

71735 

478.34 

87973    M 

5U 


TABLE  I —RADII  OF  CURVES. 


Dag. 


Radius. 


12° 

2 

4 

6 

__8 

10 

12 

14 

16 

20 
22 
24 
26 
28 
80 
82 
84 
86 
88 
40 
42 
44 
46 

60 
62 
64 
66 
_|8 

18' 

2 
4 
8 
8 
10 
12 


478 
477 
475 
474 
473 
471 
470 
469 
467 
466 
465 
464 
462 
461 
460j 
459 
458 
456 
455 
454 
453 
452 
450 
440 
448_ 
447 
446 
445 
448 
442 
441 
440 
489 
488 
48_7_ 
486 
485 
14  488 


16 
18 
20 
22 
24 
26 
28 
80 
82 
84 
86 
88 
40 
42 
44 
46 

SO 
S2 
64 

66 
58 

L4^ 


482 
481. 
480 
429 
428 
427 
426, 
425 
424 
423 
422 
421 
420 
419 
418 
417 
416 
415 
414 
413 
412 
411 
410 


logs 


2. 67973 
67853 
67734 
6761i 
67495 


67375 
67258 
67140 
67022 
66905 


66781 
6687: 
66555 
66439 
66323 


66207 
66092 
85977 
6586r 
6574] 
65634 
65521 
6540' 
6529L 
65181 


65069 

64957 

6484! 

64731 

64622 

6451 

6440i 

64290 

64180 

64070 

63960 

63851 

63742 

63633 

63524 

63416 

6330g 

63?01 

6309S 

62986 


6287§ 

62773 

6266(} 

6256S 

62454 

62349 

62243 

62138 

62034 

61925 

61825 

61721 

61617 

6151 

6141 

61307 


Deg. 


Radiusc 


1 4°, 410 
2,409- 
4408 


_8 

10 
12 
14 
16 

23 
20 
22 
24 
26 

_28 
30 
32 
34 
36 

_38 
40 
42 
44 
46 

J8 
50 
52 
54 
56 

_58 
15° 


28 

31 

34 

6'407-38 


406 
405 
404 
403 
402 
401 
400 
399 
398 
398 
397_ 
396 
395 
394 
393 
392 
391 
390 
389 
389 
388: 
387 
386 
385 
384 
383 
383 
382 
381 
380 
379 
37~8 
378 
377 
376 
375 
374 
373 
373 
372 
37_1 
370' 
369 
369 
368 
367 
366 
366 


Log-B 


_8 

10 

12 

14 

16 
JJ 

20 

22 

24 

26 

28 

30 

32 

34 

38 

38 

40 

42  ._ 

44  365 


364 
363 
363 
362 


54361 
56'360 
58|360 

iV  359 


42 
47 
53 
58 
65 
71 
78 
86 
94 
02 
±1 
20 
30 
40 
50 
61 
72 
84 
96 
08 
21 
3~4I2 
48| 
62 
77 
_91 
06 
22 
38 
54 
71 
88 
05 
23 
41 
60 
79 
98 
17 
37 
57 
78 
99 
20 
42 
64 
86 
09 
31 
55 
78 
02 
26 
51 
76 
01 
26 


2.61307 
61205 
61102 
61000 
60898 


6079( 
6069^ 
6059! 
6049S 
60391 


60291 
60190 
6009(3 
59990 
59891 


59791 
59692 
59593 
5949i 
59396 
59298 
59195 
59102 
5900i 
58907 


58327 
58231 
5813S 
5804Q 
57945 


57850 
5775S 
57661 
57566 
57472 


57378 
57283 
57191 
57097 
57004 


5691T 
56819 
56725 
56634 
56542 
56450 
56358 
5626(5 
56175 
56084 
55993 
55902 
55812 
5572T 
55631 
5  554! 


IG* 

5 
10 
15 
20 

_25 
30 
35 
40 
45 
50 

_55 

17 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 

18° 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
A5 

19° 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 

20' 
5 
10 
15 
20 
25 
"30 
35 


Radius, 


359 
357 
355- 
353 
351. 
350. 


348 
346 
344 
343 
341 
339_ 
338 
336 
335 
333 
331 
330 
328 
327 
325 
324 
322 
321. 
319 
318 
316 
315 
313 
312 
311 
309 
308 
306 
305 
304 
302 
301 
300 
299 
297 
296 
295 
294 
292 
291 
290 
2_89 
287' 
286 
285 
284 
283 
282 
280 
279 


40l278 
451277 
50i276 
55  275 

!1°|274 


Log-B 


54214 

5399 

5378i 

5356! 

5335: 

531Si 


52927  23' 


52716 
52506 
52297 
52090 
51883 


51677 
51472 
51269 
51061 
50861 
50665 


50464 
50265 
50067 
4986r 
49671 
49471 


49284 
49090 
48898 
48706 
48515 
4832S 


48136 
4794r 
47761 
47575 
47388 
47_20^ 

47018 
46835 
46652 
46471 
4628| 
46109 


45830 
4575] 
45575 
45391 
4521' 
4^044 
44869 
44693 
44521 
44348 
44176 
44003 


43835 


Deg, 


21 

10 
20 
80 
40 
50 
22 
10 
20 
30 
40 
50 


274 
272 
270 
268 
266 
264 
262~ 
260 
258 
256 
254 
252 


10 
20 
30 
40 
50 

24 
10 
20 
30 
40 
50 

25° 
30 

26° 
30 

30 
28° 

30 
29° 

3? 
30° 

30 
31° 
32 
33 
34 
35_ 
36 
37 
38 
39 
40_ 
41 
42 
43 
44 
45_ 
46 
47 
48 
19 
50 
52 
54 
56 

:>8 
60 


Radius 


250 
249 
247 
245 
243 
242j 
240 
238 
237. 
235 
234 
23^ 
231. 
226 
222. 
218_. 
214. 
210. 
206. 
203 
199. 
196 
193. 
190. 

187 
181. 
176. 
171. 
166 
161 
157 
153 
149 
146 
142 
139 
136 
133 
130 
127~ 
125 
122 
120 
11_8 
114 
110 
106 
103 
100 


2-38109 
■37818 
•87519 
■87227 
.36987 
•86649 


2 •86363 
•35517 
.34688 
.33875 


Log  J 


2 •48833 
43491 
•48157 
•42823 
•42492 
42163 


2. 41837 
•41513 
•41192 
•40873 
•40567 
40248 


2 .89931 
■39622 
•39316 
■39010 
•38707 
88407 


2 ■33078 
82296 
•31529 
J0776 
2.80087 
29310 
.28597 
27896 


2  27207 
•25868 
•24568 
.23303 
■22088 


2.20899 
.19749 
.18688 
17647 
16492 


2  15482 
•14464 
•13489 
•12539 
■11618 


2 ■ 10709 
09827 
08965 
08124 
07802 


2. 05718 
•04192 
•02786 
•01340 

2^00000 


515 


TABLE  II.— TANGENTS.  EXTERNAL  DISTANCES,  AND  LONG  CHORDS 
FOR  A  r>  CURVE. 


W 

10 
80 
40 
50 
8° 
10 
30 
80 
40 
50 


60 

58 

66 

75 

83 

91 

100 

108 

116. 

125. 

133 

141. 


3° 

10 
30 
30 
40 
50 


150. 
158. 
166. 
175. 
183 
191. 


4° 
10 
30 
80 
40 
60 


»° 

10 
30 
30 
40 
50 

10 
30 
80 
40 
50 


7" 
10 
30 
80 
40 
50 


10 
30 
80 
40 
60 


9** 

10 
30 
80 


Tang. 


300-08 
308-43 
316-77 
325-12 
233-47 
241-81 


350-16 
358-51 
266. 86 
375-21 
283-57 
291.92 


Ext. 
Dist. 
Ji, 


218 
297 
388 
491 
606 
733 
873 
024 
188 
364 
552 
752 


300-28;  7 
308-64  8 


316-99 
325-35 
333- 71 j 
342  08 


350-44 
358-81 
367-17 
375-54 
383  91  12 
392. 28  13 


964 
188 
425 
674 
934 
207 
492 
790 
099 
421 
755 
100 
459 
829 
211 
606 
013 
432 
863 
307 
762 
230 
710 
202 
707 
224 
753 
294 
847 
413 


400-66  13 
409  03, 14 
417-41  15 
425- 78;  15 
434  17  16 
442  55  17 


450-93  17 
459-32  18 
467-71  19 
,_  476-10  19 
40  1484-49  20 
80  '492  88  21 
10**;  501- 28  21 


40/ 

sa/i 


509-68  22 
518  08  23 
526-48  24 
534. 89  24: 
^543. 29  25. 
'552.7026. 


-991 
582 
184 
799 

■  426 
066 

.717 

■  381 
•  058 
-746 
-447 
-161 
-886 
.624 

375 
138 
913 
700 


AC. 


100 
116 
133 
150 
166 
183 


199 
316 
233 
249 
266 
283 


299 
816 
333 
849 
866 
M3 
899 
416 
433 
449 
466 
483 
499 
516 
533 
549 
566 
583 
590 
616 
633 
649 
666 
683 


699 
716 
732 
749 
766 
782 


799 
815 
832 
849 
865 
882 


899 

915 

932 

948 

965 

982 

998 

1015 

1031 

1048 

1065 

1081 

600I109B 


Taiyg. 

T. 


11" 

10 : 

20, 
30 
40, 
50 

12° 

10 
20 
30  I 
40 
50 


551.70 
660.11 
568-53 


10 
20' 
80' 
40  > 
50 

14' 

10 

20 ; 

30 
40 
50 
lo 
10 

20 ; 

30  I 
40  i 
50, 

10 
20 
30 
40 
50 


I-. 


576 
585 
5J3 
602 
610 
619 
627 
635 
644 
052 
661 
669 
678 
686 
695 


703 
711 
720 
728 
737 
745 


754 
762 
771 
779 
788 
796 


17° 

10 

20 

80 

40 

50 
18° 

10 

20 

30 

40 

3£L 
19° 

10 

20 

30 

40 

50 

•>o° 

10 
20 
30' 
40 
JO 

21' 


805 

813 

822 

830 

839 

_847 

856 

864 

873 

881 

890 

_898 

907 

916 

924 

933 

941 

J50 

958 

967 

975 

984 

993 

1001 

1010 

1018 

1027 

1036 

1044 

1053 


Ext. 
DIst. 
Ji. 


500 
318 
187 
974 
824 


^. 


lord 


1098 
1114 
1131 
1148 
1164 


686  1181 
561  1197 


1214 
1231 
1247 
1264 
1280 


447 
347 
359 
183 
120 
069  1287 
081,1318 
006  1380 
993  1346 
992  1383 
004  1380 


029.1396 
0661413 
116il420 
178 1 1446 
253,1462 
341.1479 


32 
80;50 
2951 
7752 

26  53 
_75  55 
25  56 

75  57 
25  58 

76  59 

27  61 
78  62 
30  63 
82  64 
85  66 
8867 
41:68 
15.70 
49  71 
03  72 
58  74- 
13  75- 

69  76- 
25  7_8 
81  79" 
38  81 
96  82 
53  83 
12  85 
JO  86^ 

29  88 
89  89 
49  91 
09  92 

70  94 
31' 96 


441;  1495 
554,1513 
679  1528 
8181545 
969  1561 
182  1578 


309 
498 
699 
914 
141 
381 
634 
900 
178 
470 
774 
091 
421 
764 
119 
488 
86G 
264 
671 
092 
525 
97: 
431 


1594 
1611 
1627 
1644 
1660 
1677 
1693 
1710 
1728 
1743 
1759 
1776 
1792 
1809 
1825 
1842 
1858 
1874 
1891 
1907 
1924 
1940 
1957 


904;  1973 
389<1989 


888 
399 
924 
462 
013 


1061  -QS'^T  .^iiW^.mi? 


2006 
2022 
2039 
2055 
2071 


24° 

10 
20 
80 
40 
50 

7I2V 

10 


21° 

10 
20 
80 
40 
50 

10 
20 
80 
40 
50 
23° 
10 
30 
80 
40 
60 


26° 

10 
30 
80 
40 
60 

8|27° 

10 

81  20 

^  80 

40 

60 


28° 
10 
30 
80 
40 
_  JO 
S2»° 
10 


1061. 
1070. 
1079. 
1087. 
1096 
1106- 


1113 
1122 
1181 
1189 
1148 
1167 


1165 
1174 
1188 
1191 
1200 
1209 


97 
99 
100 
103 
108 
106 


xc. 


3088.8 
3104.7 
2131.1 
21874 
3168.8 
3170.2 


107 
108 
110 
113 
118 
116 


343186-5 
903203-9 
672219-2 
252285-6 
95  2361-9 
66132688 


13 


117-882384.6 

119  -' 

180 

133 

134 

136 


1217 
1326 
1336 
1244 
1363 
1381 


*138 

139 

181 

183 

-.186 

5:137 


2801.6 
3817.8 
3888.6 
3848.9 
2886. 2 


1370 
1379 
1387 
1398 
1806 
1814 


11 
-01 


3-189 

0  141 

7  143. 88^  8613. 8 

8*148 


1833 
1881 
1840 
1849 
1868 
1866 


1876 
1884 

1898 
1403 
1410 
1419 


183 
4  164 

166 
0^160 
"171 


1438 
1437 
1448 
1466 
1464 
1473 


1481 
1490 
1499 
1608 
1517 
1626 


1686. 
1644. 
1658. 
1663. 
1671. 
1680. 


148 
150 
153 
154 
158 
168 
160 


3883.  f 
38688 
8416.1 
3481. 4 
8447.7 
34ei(f 


8480.3 
8496.6 


8639.0 
8646. 8 
3881. 6 


173 
176 
177 
179 
181 
184 
188 

188 
190 
192 
196 
197 
199 


8677. 8 
86940 
8610.8 
8686. 6 
._864a.T 
,76i2f5a.9 
8l!S678.1 
8726B1.8 
95  87076 
04!3738.7 
15|8789.9 
:27;3756a 
412778.8 


2718.4 
2804.6 
2880. 7 
2838-9 
3868- 0 


302 
204 
306 
309 
311 
318 


61128893 
74128868 
98  2901. 4 
25  2917. 6 
58  3988. 7 
83  2849.1 
12'2888.9 


2988. 0 

2998. 1 
80148 
80808 
8048.8 


^\&%9>0  216.2Bl«Mf.4 
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TABLE   II.— TANGENTS.  EXTERNAL  DISTANCES,  AND  LONG  CHORDS 
I'X)R  A  1-  CURVE. 


9  618-394938.4 
1622.814948.4 
4  627. 24 4963 -4 
7,631 -69  4978.4 
9  636. 16  4998. 4 
2  640. 66  6008  4 


Ext.  ,  ^-„ 
Dist.  I  CHorel 
j^:,      L.V. 


&« 


17.5023. 4 
7O|5038.4 
25;  6058. 4 
83: 5068. 8 
42  5088. 8 
03  6098.2 


665118.1 

32  6128. 0 

5142. 9 

5157. 8 

5172.7 

5187. 6 

5202. 4 

5217. 5 
5282.1 
5246.9 

5261. 7 
5276. 5 


aa"*  11861 

^  10  1870 

*  20  :1880 

80  1889 

40  1898 

BO  1907 

37*  '1917 
10  11926 
20  1935 
80  !  1945 
40  11954 

_80  1968 

38''  11972 
10  -1982 
20  1991 
80  '2000 
40  13010 
60  8019 

39"*  12029 
10  12038 
20  12047 
80  2057 
40  i2066 
go  12076 

40"*  12086 
10  12094 
20  i2104 
80  2118 
40  12123 
BO  ;2182 

4|1*  19142 


5291.8 
5806.1 
5820.9 
5335. 0 
5850. 4 
5865.1 


5879.8 
5894.5 
5409.2 

. 5428. 9 

4  779  83  5438. 6 
2  784- 0415458- 8 
790  081 5467. 9 
795-24  6482- 6 
800 -42(5497. 2 
805.62'5511.8 
810- 86  5526. 4 
816  10  8541-0 


0  821-87  5555.6 

9  826-66  8570. 2 

831-9815584. 7 

837. 8115599. 8 

842. 67  6618. 8 

7|  848  061 8628  3 

7;858-46  5642.8 

71858-8915657-8 

7  864-84  5671. 8 


869  8215686. 8 
875  32; 5700. 8 
880  84  5715-2 
886  •88!  5729 -7 
891-9615744-1 
897 -54' 5758 -5 
908 -15' 5772 -9 
908-79  5787-3 


'07 
;IV4-4!^W^VA 


TABLE  II.— TANGENTS,  EXTERNAL  DISTANCES,  AND  LONG  CHORDS 
FOR  A  1°  CURVE. 


-    A  1 

^^S' 

DJst. 

Chnrcl 

A 

Tang, 

dIsL 

ChoS 

A 

l^.g. 

Ext. 
DIst. 

Choi 

E. 

M.V. 

2i\ 

it'. 

M. 

xc. 

er 

3375  0 

920  - 14 

6316  0 

71" 

4033  9 

1308.2 

6664-4 

SI' 

4303-3  IflOS. a 

7442. a 

10' 

333fl  3 

925 

35i5330  4 

10 

4099-5 

1315  5i6688  0 

10 

4908  0il814-7 

7454  i 

20 

3307  5 

G31 

58, 5844.  7 

30 

4112-1 

1322-9'66Bl-6 

20 

4923   5  1824  1 

7467  5 

30 

3408 . 8 

937 

34:5859-1 

30 

4124  8 

1330 -3:6695 -1 

30 

4937  0  1333 -fl 

7480  S 

40 

3420   1 

B43 

12B873  4 

40 

4137  4 

1337  7 

670S   6 

40 

4951    51843   1 

749?  e 

so 

3431   4 
3442  7 

948. 

03! 

5887   7 
5902-0 

50 

4150   1 

1345-1 
1362-8 

6722   1 

50 

4966   1 

1853. 6' 
1862.2; 

7505.4, 

63^ 

954. 

75. 

7"^^ 

4162 -B 

6735-6 

sr 

4980  7! 

7518-0 

10 

3454   1 

930. 

60;5916^3 

10 

4175   6 

1360  1 

6749 . 1 

10 

4995  4,1871-8 

7539-B 

20 

34^5  4 

966 

4E  5930   5 

20 

4  IBS  4 

13G7.6 

6762   5 

20 

501D.O  1881    5 

7543  1 

30 

3476  8 

972 

3915944-3 

30 

4201-2 

1375-216776-0 

30 

5024  8,1891-2 

7555-1 

40 

343S  2 

973 

31 

59B9  0 

40 

4214  0 

1332. 816739  4 

40 

5039  5  1900-9 

7568.? 

&0 

3499  7 
3511-1 

984 

37 

5973-3 
5937-5 

50 

4326   3 

4239-7 

1390-4|6802-a 
139B  06816  3 

50  .5054  ajlfllQ.?! 

rt;i"  '5069-2ll930.5' 

7589  ? 

63' 

990 

24; 

75B3  2 

10 

3522  5 

996 

3416001 -71 

10 

4252-6 

1405  7  6629   6 

10|5084  0'l930.4i 

7606 -B 

20 

3534   1 

1002. 

3 

3015-9 

20 

4265-6 

1413-5  6643-0 

20   5099.o!l940   3' 

7818-1 

ao 

3545  6 

1008 

3 

6030-0 

30 

4278  5 

1421-2  6856-4 

30 

5113  9;1950-3  7630.fi 

40 

3557  3 

1014. 

4 

6044   3 

40 

4391-5  1429  0i6869-7 

40 

5128  9  1960-2' 

7643-9 

50 

3568   7 

1020 

5 

G053   4 

6072.5 

50 
7'l 

4304   6  1436   8.6833   1 
4317  6  1444  616396- 4 

50 

84" 

5143-9  1970-31 
5159  0  1980  4' 

7656  4 

64'' 

3580-3 

1026- 

B 

7687.1 

10 

3591    9 

1032. 

3 

6086  6 

10 

4330.7  1452. 5i  6909 -7 

10 

6174  1I199D.8 

7680  1 

20  13603   5 

1039 

0 

6100   7 

20   4343   8  1460  4  6933   0| 

20 

51B9   312000-e 

7693  1 

30 

3615   1 

1045 

2 

6114.8 

30 

4356  9,1468  4  69S6  2] 

30 

5204  4  20X0   8 

77041 

40 

3G26  8 

1051 

4 

613B   9' 

40 

4370  - 1 

1476  4  6949  5 

40 

6319  -  7  2021   1 

7717-1 

50 

3838   5 

1057 

7 
9 

6143   0 
6157-1 

_50 

7fl^ 

4383  3 
4396  -  5 

1434  4  6953  8 

1492-416976-0 

50   5234.91 

2031-4  7721  5 

65"* 

3650-2 

1063 

H6"   5250  313041    77741.1 

10 

36ei  9 

1070 

2 

6171   1 

10 

4409 . 8 

1600-516989-2 

10 

5365  6  2DS2  1  7764  1 

SO 

3B73   7 

1076 

6 

6185   2 

20 

4423  - 1 

1506-6|7002.4 

20 

52fll.O'20e2-5l77BB-3 

3D  -sess  ^ 

1082 

9 

6199   3 

30 

4436-4;i516-7  7015-6] 

30 

5296-4 

2073  0' 7778. 6 

40  3597  2 

1089 

3 

6213.2 

40 

4449-7  1524-9  7028-8 

40 

5311. 9 

20fi3   5  7790  t 

&0 

3709   0 

1095 

7 

6227-2 

50  14463-1 

1533-1 
I154I-4 

7041   9 
7055-0 

50 
80^ 

6327  4 

2094-1'780SO 

66" 

3720  9 

1102 

2 

6241-2 

7(j" '4476-5 

5343-0 

2104   7 

7S1S-S 

10 

3733  7 

1108 

e 

6255   3 

10  ;4489   9.1B49.7 

7068  2 

10 

6358   6 

2115.3 

7827-4 

20 

3744   e 

1115 

1 

6269-1 

20  '4503   4  1558  0 

7081   3 

20 

5374  2 

2126  0 

7839  ft 

30 

3755   5 

1121 

7 

6383   1 

80  U516.9'1566. 3(7094. 4! 

30 

B389   9 

3136   7 

7Bil  7 

iO 

3763. B 

1128 

2 

6297   0 

40  i4530-4  1574-7 

7107  5 

40 

6405   6 

2147   5  7363  1 

50 

3780-4 
3792-4 

1134 
1141 

a 

4 

6310   9 
6324  8 

50 

77^ 

4544.011533.1 

7120-6 
7133  6 

50 

5421   4 

3158   4;  7876  0 

67" 

4557.6 

1591  6 

5437   3 

2169    2 

788«  1 

10 

3804-4 

1143 

0 

6333-7 

10 

4571-2 

1600-1 

7146  8 

10 

5453-1 

2180   2 

7900-1 

20 

381G-4 

1154 

7 

6352  6 

20 

4584  £ 

1608-8 

7159   8 

20 

6469   0 

21tl-l 

7912  1 

30 

3833  4 

1161 

3 

6366  4 

30 

4593-5 

1617-1 

7172  6 

30 

5484  9 

2202   3 

7924  J 

40 

3840  5 

1163 

1 

6380  3 

40 

4612-2 

1626-717186-61 

40 

5500  9 

2213-2 

7  936  a 

5D 

3352-6 

1174 

8 

6394   1 

50 

7H'' 

4_e3ejJ 
4639   8 

1634-4 
1643. 0 

,7198   6 

50 

B617.0 
5533   1 

2224-3 

; 7 948  3 

6H= 

3864-7 

1131 

6 

6408  0 

7211  .6 

2235. 5 

'7980  3 

10 

3376  8 

1188 

4 

6421   8 

10 

4653   f 

1651  -7,7224-5 

10 

5649-2 

3346  -  7 

7972  3 

20 

3389   0 

1195 

2 

6435  6 

20  14667. 4, 1660. 5;7237-4 

20 

5565. 4 

225B-0 

7984  S 

30 

3901   2 

1203 

0 

6449^ 

30    4681    3  1669-2:7250-4 

30 

5581    6 

2269   3 

17996  3 

10 

3913  4 

1208 

-9 

6463-1 

40  14695-2  ie78-l'7263-3 

40 

5597-8 

3280   6 

8008  1 

fin 

3926  6 

1215 

8 

6476  9 

50 
7l*° 

4709-311686-9  7276-1 
4723-2  1695  8  7289   0 

BO 

5614. 2 

2293   0 
2303 . 5 

8020  9 

09^ 

3087  e 

1223 

7 

6490  6 

5630. 5 

8031  t 

10 

3950  2 

1229 

1 

6504  4 

10 

4737 -311704. 7^7301  9 

10 

6646 -t 

3S15  0 

8043  1 

20 

3932  5 

11336 

7 

6518   1 

20 

4761.2 

1713   7!7314  7 

20 

5603  4 

2326    6 

8055  T 

30 

3974. a 

11243 

.7 

6531   8 

30 

4785 -S 

1722-7 

7327  5 

30 

6679-9 

3338-3 

8087  S 

40 

3987  2 

1250 

8 

6545  5 

40 

4779. 4 

1731.7 

7340. 3 

40 

5696   4 

2349    8 

8079.3 

fiO 

399&   B 
4011.9 

1357 

9 

6559    1 
6572  8 

50 
Hit 

4793-6 
4808 . 7 

1740-8 
1749  9 

7353  - 1 

50 

5713-0 
5729-7 

3361.5 
3373 -S 

8091  3 

7flP 

4265 

0 

7385  § 

8103-0 

10 

4024  4 

1372 

1 

6586.4 

10 

4B22.C 

1759  0 

7378  7 

10 

5746   3 

2385-1 

8114  r 

30 

4036  a 

127fl 

3 

8600  1 

20 

4836  2:1768  2 

7391   4 

20 

5763-1 

2397  0 

8138  $ 

BO 

4049  3 

1386 

5 

6613   7 

30 

4B50  5 1777  4 

7404-1 

30 

5779   9 

3408  9 

813S.2 

4O/40ffI.Sll2U3 

7 

0627-3 

40 

4364. S  ^788.7 

7416.8 

40 

5796   7 

3420  fl 

8160  0 

^50/4074  4 1 1300.  9 

{1640   9 

_50 
81" 

467^  "2^11^-0^7429-5! 

50 

5B13    6 

2432  9 
1^^44-0 

Blfil.7 

ZIV4 

086  mi 

SOB- 

2  1 

6d64  4 

4Baa  A 

aWB^ft.? 

iWw.i.'i 

^^\^ 

W^^  -^ 

fi73il 

518 


TABLE  III.— SWITCH  LEADS  AND  DISTANCES. 
IAD-RAILS  CIRCULAR  THROUGHOUT;  GAUGE  4'  9i".     See.  8  262. 


Frog  Angle 

Lead  (/>) 
(Eq.  79). 

Chord 

(QT) 

(Eq.  77). 

Radius  of 
Lead-rails       Log  r. 
(r,Eq.78). 

Degree  of 
Curve  (d). 

Frog 
NoT 
(n). 

14**   15' 

00" 

37. 67 

37. 38 

150-67      2 

17801 

38° 

46' 

4 

12     40 

59 

42 

37 

42 

12 

190-69 

28032 
37183 

SO 

24 

4.6 

11     25 

16 

47 

08 

46 

85 

235-42 

24 

32 

5 

10     23 

20 

51 

79 

51 

58 

284-85 

45462 

20 

13 

5.5 

9     81 

38 

56 

50 

56 

30 

339-00 

53020 

16 

58 

6 

8     47 

51 

61 

21 

61 

03 

397. 85 

59972 
6640S 

14 

26 

66 

8     10 

16 

65 

92 

65 

75 

461-42 

12 

26 

7 

7     37 

41 

70 

62. 

70 

47 

529  -  69 

72402 

10 

50 

7.5 

7     09 

10 

75 

33 

75 

19 

602-67 

7800? 

9 

81 

8 

6     43 

59 

80 

04 

79 

90 

680-36 

83273 

8 

26 

8.5 

6     21 

35 

84 

75 

84 

62 

762-75 

88238 

7 

81 

9 

6     01 

32 

89 

46 

89 

33 

849-85 

9293| 

6 

45 

96 

5     43 

29 

94 

17 

94 

05 

941-67       2 

97389 

6 

05 

10 

5     27 

09 

98 

87 

98 

76 

1038-19       3 

01622 

5 

82 

10-5 

5     12 

18 

103 

58 

103 

47 

1139-42 

05668 

5 

02 

11 

4     58 

45 

108 

29 

108 

19 

1245-36 

09529 

4 

36 

11.6 

4     46 

19 

113 

00 

112 

90 

1856-00      8 

13226 

4 

14 

12 

^OUTS 

WITH 

STRAIGHT 

POINT-RAILS    AND    STRAIGHT  FROO- 

liAll^; 

GAUGE 

4'  84". 

See  i  265. 

Switoh 
Fouit 

V«Xh. 

of 
?J  witch 
Point 
iDN). 

l/gth 

(A 
Str'g't 

ratl(7). 

Ufld 

in   , 

(Eq. 
90)-    , 

Chord 
(ST) 

(Eq. 

88)- 

Rndiufl  of 

niib 

ir,  Eq. 

fl7). 

Logr. 

Degree 

of 

Curve 

id). 

Froff 
No. 

S*  40' 

7-6 

I  50 

32-20 

23  09 

126-21 

2  09764 

Ar  or 

4 

3     40 

7  5 

1.69 

34  29 

25  03 

159  25 

■20201 

30     36 

4-6 

3     45 

10  D 

IB? 

41   35 

39   8B 

197   65 

-29589 

29     22 

6 

2     4& 

10  0 

2.00 

44   15 

32  03 

240  44 

3810B 

24     00 

56 

I     50 

15  0 

2.  25 

56  00 

38  66 

28B-09 

45963 

ly     59 

6 

I     5D 

16  0 

2  44 

58  84 

41   34 

340  19 

53173 

IB     54 

66 

1     SO 

15  0 

3  62 

Bl   65 

43  9B 

397  65 

.  59950 

14     27 

7 

L     50 

1&  0 

2-81 

64  36 

46   50 

4ao  00 

66276 

13     39 

7.5 

1    m 

IS  0 

3.00 

B7-04 

48-99 

527  91 

73256 

10     62 

8 

1     GO 

15  0 

n   19 

69  ao 

51   38 

600  94 

77883 

9     33 

8.5 

1     50 

15-0 

3  37 

72   30 

53.  BO 

6B1   16 

B3326 

B     25 

9 

1     50 

15  0 

a  sa 

74  70 

56  11 

767-11 

684B6 

7     28 

t  6 

1     50 

15  0 

3   75 

77  04 

5B  3B 

368   14 

93356 

6     41 

10 

1     60 

16  0 

an 

79  51 

60  57 

B5»  00 

2  9B182 

5     59 

10.fi 

1     SO 

15  0 

4  12 

fll   82 

8269 

1055  52 

3  02766 

5     23 

11 

1     50 

15  0 

4  31 

84  09 

64-78 

llBO-ia 

3-07194 

4     Gl 

U-S 

1     BO 

15  0 

4  so 

QQ   16 

eSBT 

1299-93 

3  11392 

4     34 

12 

TRIGONOMETRICAL  FUNCTIONS  OF  THE  FROG  ANGLES  (F) 

Frog  Angle 

Nat. 
ainF. 

Nat. 

cos  F.      s 

,^f 

Log 
cosF. 

cotF. 

versF. 

Frog 
NoT 
in). 

14°  15'  00" 

.24615 

96923    9- 

39120 

9. 98642 

10.59522 

8. 48811 

12    40    49 

.21951 

-97561 

34145 

.98927 
.99131 

6478:4 

38721 

4.5 

11    25    16 

.19802 

-98020 

29670 

69461 

.29670 

10    23    20 

18033 

■98360 

2560S 

-99282 

73675 

21467 

9    31    38 

.16552 

-98621 

21884 

.99397 

77513 

.13966 

8    47    51 

.15294 

-98823 

18453 
15268 

99486 

81033 
8428S 

.07058 

6>5 

8    10    16 

.14213 

•98985 

-99557 

8. 00655 

7    37    41 
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340 

36:i 

3D?    411 

458 
69! 

3 

7-0 

6-9 

104 

4«2 

50fi 

529 

562 

575, 

509 

623    646 

670 

4 

I?:? 

9.3 

115 

717 

740 

784 

7BV 

811 

834 

858    631 

928 

5 

11.5 

1«B 

9&: 

974 

99B 

*021 

*044 

*088 

*091 

ni4 

•137 

*161 

6 

14   1 

18-8 

187 

27  184 

207 

ZSO 

254 

277 

300 

323 

34G 

389 

393 

^7 

16.4 

16-1 

18B 

410 

489 

462 

485 

BOB 

531 

554 

577 

flfin 

III 

■  S 

18.  § 
3l4 

16  4 

i8& 

94  d 
875 

a«9 

692 
931 

715 
044 

738 
960 

761 
989 

*01S 

80G 
♦035 

82S 
•056 

^a 

20-7 

190 

898 

'^OfiB 

nTE         rtn        n7 

191 

sa  103 

12^ 

149 

171 

194 

217 

233 

362 

285 

30? 

■1 

3.3 

*-5        *i 

3.2;  3-1 

192 

3sg 

555 

353 

375 

398 

42^ 

443 

435 

488 

510 

83^ 

.2 

4.5 

4.4,  4 
6  8'  1^ 

lfl3 

57p 

flOO 

623 

645 

668 

696 

713 

735 

761 

.3 

6^7 

194 

78j 

802 

825 

847 

8B& 

6D2 

314 

936 

959 

let 

88 
20! 

.4 

9.0 

8.8    S. 
n  0.10^ 

195 

29  OOS 

025 

046 

070 

093 

U4 

137 

159 

-5 

11^2 

Iftfl 

22 
44^1 

?M 

270 

292 

314 

"35 

358 

n^ 

40? 

42' 

.6 

13.6 

18.213. 
16.4,15 

1*7 

inft 

49rt 

515 

534 

55f-. 

57fi 

60fl 

822 

644 

^7, 

15.7 

198 

flei 

6BB 

710 

732 

754 

776 

798    8201 

84 

SB 
•03 

^8 

18^0 

17  ejl7.3 

199 

88 
30   103 

907 
123 

929 
146 

850 
186 

972 
190 

4 

994 
2lt 

5 

*oie 

233 

•038 
25^ 

7 

*059 
276 

.9^ 

30.2 

20O 

296 

r/ 

O 

1 

^    / 

2 

a 

^ 

P 

.  P. 

^2A 


TABLE  v.— LOGARITHMS  OF  NUMBERS. 


i. 

O 

1 

2 

14b 

168 

4 

190 

5 

211 

6 

233 

7 
254 

8 

9 

P-F. 

Hi 

30  103 

Ul 

276 

298 

-^ — 

— 

— -- 



—■ 

—  - 

' 

32   2t 

■1 

3ig 

341 

363 

381 

408 

427 

44B 

470 

492 

513 

-1 

3-2] 

3.1 

2 

585 

556 

678 

69^ 

621 

642 

064 

68^ 

70? 

728 

.2 

4-4 

4.3 

3 

743 

771 

792 

ai3 

835 

856 

878 

£99 

930 

941 

-3 

8-6 

6-3 

4  < 

9^3 

ftB4 

^005 

*027 

*048 

*069 

♦o&o!ni2| 

*133 

*154 

4 

S  8 

8.4 

5 

31  17S 

19& 

215 

239 

26D 

281 

302:  323: 

344 

36S 

.6 

11  C 

10-S 

e 

sae 

406 

429 

450 

471 

492 

513 

534 

555 

576 

■e 

13.2 

12 -fl 

7 

597 

ei8 

63fi( 

060 

681 

702 

723 

745 

761 

78S 

.7 

15  4 

14  7 

8 

fiOti 

a27 

84B 

369 

390 

91b 

B31 

962 

973 

994 

■  6 

17-6  16-1 

9 

S2  oii 

222 

03  S 
242 

056 
26! 

077 

097 
30^ 

lie 

325 

139 
346 

160 

180 
387 

201 

■si 

19  a 

13, t 

LU 

284 

366 

407 

— 



-  - 

„  ^ 

20   SO 

1 

426 

449 

469 

490 

5lG 

E3i 

756 

572 

692 

6ia 

-1 

3  5 

3.D 

2 

633 

054 

074 

095 

715 

736 

776 

797 

ai7 

.2 

4-1 

4  0 

3 

aas 

838 

87b 

BOB 

9iy 

94L 

96C 

985 

*001 

*021 

-3 

6  1 

60 

4 

3S  041 

061 

Q82 

102 

122 

142 

163  133 

283 

22: 

.4 

8  2 

8  0 

S 

244 

264 

284 

304 

324 

344 

365 

380 

405 

42S 

■  5 

10  S 

10  0 

e 

44  S 

465 

485 

505 

525 

546 

566 

636 

606 

626 

.8 

12  3 

12  0 

7 

64  g 

665 

B86 

706 

726 

746 

7&6 

7eB 

eo6 

82g 

7 

14  3 

14.0 

8 

^41 

S4  044 

S6g 

385 

905 

925 

845 

BB5 

96^ 

na 

*024 
325 

^8 

16  4 

16  0 

S 

064 

084 

104 

123 

14^ 

183 

183 

203 

-9 

n.i 

13.0 

10 

242 

262 

231 

30l 

321 

841 

380 

380 

400 

41  § 

]§   19 

I 

438 

459 

47S 

498 

618 

83  7 

557 
752 

675 

596 

815 

.] 

IJ 

1-0 

2 

63  S 

695 

674 

694 

713 

733 

772 
966 

791 

Sll 

2 

3  9 

3  S 

3 

83G 

850 

863 

889 

9oe 

928 

947 

936 

*CC5 

3 

5  1 

5.7 

4 

35  035 

044 

063 

083 

102 

121 

141 

160 

175 
372 

lEO 

.4 

7  1 

76 

S 

2lB 

237 

257 

276 

295 

314 

334 

353 

391 

.5 

9.7;  9,6 

6 

411 

430 

44D 

4GS 

487 

507 

526 

545 

561 

SKI 
774 

.6 

11-7  11^4 

7 

603 

B21 

641 

660 

679 

e9B 

717 

736 

765 

■  7 

13. 6  13  3 

8 

793 

8lS 

631 

ud 

369 

883 

9CI7 

G2S!  94S 

96i 

■  3 

15  615  2 
17.517.1 

9 

08^ 

*002 

*03l 

*040 

*059 

*07^ 

*0B7 

*116 

*135 

*1B4 

*« 

(4> 

3e  173 

191 

210 

229 

248 

267 

288 

305 

323 

342 

-tS         -i  A 

1 

361 

380 

399 

417 

43  B 

455 

474 

493 
679 

69  B 

530 

-1 

10 

AD 

1-8 

2 

549 

567 

686 

605 

62  S 

€42 

661 

717 

.2 

3,7 

8'B 

3 

7U 
921 

754 

773 

761 

310 

828 

B47 

866 

83i 

9C3 

.3 

8,S 

6-4 

1 

940 

95S 

977 

99g 

*014 

*CS3 

*0'^1 

*070 

*c8a 

^4 

7  4 

7.2 

5 

37  107 

125 

143 

162 

18{ 

]99 

217 

236 

25? 

273 

^5 

a^S 

9-0 

6 

291 

30S 

3:^8 

34§ 

364 

3B3 

401 

420 

438 

456 

6 

11,1 
12-9 

10^8 

7 

476 

493 

511 

530 

54B 
730 

56t 

6S^ 

603 

621 

€30 

^7 

12-6 

S 

flS? 

676 

604 

71§ 

749 

767 

735 

BC3 

821 

■  8 

\U 

14.4 

g 

8  4a 

853 

376 

894 

B12 

H30 

948 

967 

985 

•C03 

*9 

10. a 

lO 

Sa  021 

039 

057 

075 

095 

111 

129 

147 

10^ 

IflS 

*W         tui* 

1 

20! 

219 

237 
417 

251 

37S 

291 

3C9 

327 

34S 

383 

.1 

17 

17 

2 

38! 

39^ 

435 

453 

471 

489 

607 

525 

843 

■  2 

85 

3  4 

3 

56{} 

578 

596 

61^? 

632 

e5r 

667 

665 

703 

721 

.3 

5.^ 

5-1 

4 

7S9 

757 

773 

792 

810 

623 

84^ 

863 

861 

899 

■  4 

^2 

6-8 

5 

01^ 

034 

952 

070 

987 

+005 

*02a 

*04Q 

*058 

*^076 

.5 

8.^ 

B.5 

G 

39  Ofi!^ 

111 

139 

US 

164 

181 

195 

217 

235 

352 

.610  5 

10-2 

7 

26^ 

2&? 

30S 

322 

340 

357 

375 

392 

410 

427 
602 

,712  S 

11  9 

8 

445 

46^ 

480 

497 

&15 

532 

550 

567 

585 

^8  140 

13-6 

ft 

620 

flSf 

655 

672 

68Q 

707 

73  i 

743 

759 

77S 

-9115-7 

15-5 

iO 

794 

811 

82S 
2 

846 
3 

863 
* 

sai 

5 

398 
6 

915 

933 

050 

'■ 

0 

1 

V 

8 

ft 

P.  P. 

525 


TABLE  v.— LOGARITHMS  OF  NUMBERS. 


w. 

0 

I 

3 

3 

4 

5 

681 

0 

896 

7 
91S' 

8 
933 

9 

650 

P.  P. 

?50 

39  794 

811 

831 

846 

251 

96? 

981 

*00a  *019^*036 

*054 

*071 

*06S 

•lOS 
377 

*133 

2B3 

40  140 

157 

174  lal  209 

226 

345 

360 

295 

lf_  17 

3S3 

312  329  34||  3e|  39D 
48S,  600  5i?l  531  561 

398  415 

432 

449 

436 

.1 

1.7 

1.7 

354 

589  686 

603 

620 

637 

■  2 

U 

3-4 

25S 

054'  671  688,  705  723 

739  756 

773 

790 

ao7 

.3 

5  1 

350 

624  841  BEi6  875  892 

80B  93S 

945 

955 

97e 

■4 

U 

6  8 

257 

B93  *010  *02Z  *a44  •061 

41  162  17i  190  212  229 

330,  34B,  363  38^  897 

*077  *094 

*ii! 

•125 

*145 

-5 

6-5 

258 

in  lu 

379 

295 

312 

6  10  5  10. 3 
.7,12^11  B 

259 

447 

464 

_4B0 

■  8,14  0  13  8 

260 

497  514;  63D  547,  564 

581  697 

614 

631 

647 

^916.7  15.3 

2ei 

6fi4  flSa  69|  714  730 

747  764 

765 

797 
963 

811 

4 

2e2 

630'  a4C  BO   630  89[^ 

913  92^ 

^946 

979 

253 

095*012*02  *045*06l 

42  160  177  19   205  226 

32i  341'  35   373  390 

*07B  *094 

*111 

*127 

+  144 

2^4 

242  359 

375 

292 

306 

2^5 

406  423 

5rA    686 

439 

45| 
6ll 

472 

13    le 

2B6 

448  50i  521  537  553 

603 

?if 

a 

IB 

1.8 

267 

651  66?  flSJ  700  lib 
613  829  846  602  87@ 

73|  74| 

765 

781 

.2 

it 

S.3 

26B 

89i  9lil 

927 

943 

A% 

■  3 

4.8 

26fi 

675]  9Bl  *007  *Q2'i  *040 

^056  *C73 

+088 

*104 

.4 

SI 

64 

1    .   ^    '    - 

-. 



■  5 

8,0 

270 

43  136  153,  IBS,  181  20B 

3lC  233 

349 

265 

281 

.6 

9-9 

9  8 

1       1 





■  7 

11  S 

11.2 

271 

297'  313|  339  345  SBl 

377  393 
536  552 

409 

425 

^ 

■  S 

13^2 
14  J 

13  8 

272 

457  4731  489  505  52G 

5fi| 

58} 
743 

■  9 

14  4 

373 

615  632'  648  €64  660 

69^  7lT 

727 

m 

■ 

274 

775:  791  806  822  83S 

654  870 

886 

90T 

d 

275 

935  949  965  985  99S 

*012  *02S 

*043 

*059 

*075 

1 

276 

44  D9i;  lOS,  123  138  154 

169  185 

201 

2li 

233 

1 

277 

248  263,  27§  295  3lC 
40|  430:  435  451  467 
560  576;  591  607:  622 

320  343 

35! 
515 

373 

389 

278 

433  498 

529 

645 

lS_    15 

27  » 

638  653 

669 

685 

700 

.1 

■  3 

■  3 
4 

■  5 

1-5 

?1 

IB 

3.0 
4  5 

7.5 

28« 

7161  73!  747  763|  776 

793  809 

824 

63g 

665 

281 

670  886!  BOl  Bh'  933 
45  025,  040,  055  0711  06[5 

948  963 

971 
132 

694 

•005 

Sfl2 

103  11 

146 

16! 
316 

e 

igj 

9-0 

2U 

17B  194  20i  22|  240 
332  347  3S3  377  303 

481  499  51^  530  545 

^55  27 
406  42 

266 
438 

301 

■  7 

10-5 

234 

454 

469 

■  8 

12.4 
13.1 

12.0 

285 

563  57g 

591 

606 

62l 

.0 

13.5 

2de 

fi3S  652  667  B32  697 

712  7^7 

743 

756 

773 

■ 

2B7 

786  603  813  H3^  8^1 

664  879 

4lt 

909 

•osi 

934 

•a 

26  S 

939  955  969  984  909 

"014*025 

*075 

1 

saa 

46  060  105 
340!  355 

120  135;  160 
263'  2Sl\   2B9 

165.  180 
3UJ  329 

195 
34^ 

210 
351 

235 

1 

290 

374 

■  1 

1** 

1.4 

291 

38^'  404 

419.  434  449 

464  479 

613  627 

493 

505 

523 

.2 

n 

2  8 

292 

53i  553 

568  583  597 

64; 

657 

672 

.8 

^93 

687  701'  7ig  73i;  746 
63^1  84^j  884  879  894 

76   775 
90   923 

79? 

805 

S2j 

.4 

?:§ 

294 

«3& 

953 

^!;i 

^S 

295 

982  9971*011  *035,*041 

'05  *070 

*085 

*100 

.6 

.SI 

296 

47  139'  144 

158  173:  186 
305  3l|]  334 

20   317 
34S  363 

333 

24| 

261 

■  7 

297 

27!'  295 
42ll  436 

378 

392 

40' 
553 

■«U.fi 

ii^a 

29fl 

451  46|!  4B0 

49^  509 

52! 
668 

538 

'9i3.Sas^e 

299 

567 

5ST 

593  610 

626 

63i  654 

683 

697 

1 

300 

712 

726 

741^  76S 

770 
4 

78l!  799 

813 
7 

626 
8 

843 

I] 

^  1 

1 

2 

a 

5 

0 

» 

p.  IV 

520 


TABLE  v.— LOGARITHMS  OF  NUMBERS. 

D 

1 

2 

a 

4 

Jf 

6 

7 

a 

9 

P*  P. 

47  712 

72S 

741 

7B5 

770 

761 

799 

813 

828 

642 

fl5& 

671 

88S 

900 

91^ 

92S 

943 

95? 

672 

98B 

1 

4^fl  GOl 

015 

02  s 

04^ 

051 

07i 

087 

Ill 

115 

130 

14^ 

]at 

173 

137 

20 1 

216 

230 

259 

273 

2Sl 

sol 

316 
45B 

33C 

34^ 

35E 

373 

387 

401 

415 

4SC 

444 

472 

487 

sot 

520 

54^ 
68^ 

in 

572 

596 

BOO 

eU 

629 

B43 

657 

67T 

4T      *    M 

714 

72S 

74H 

7Sfl 

771: 

734 

79B 

612 
953 

637 
96? 

841 

.1 

■  2 

14 

14 

1^4 
2  8 
4  2 

056 

6S& 

8S.1 

897 

911 

935 

930 

962 

dftfl 

*010 

*024 

•038 

*0fi3 

*oe6 

*080 

*094 

*ioe 

*122 

49  136 

150 

1B4 

178 

192 

206 

230 

334 

348 

282 

6-8 
7,Sf 

3  6 
7  0 

276 

290 

ISt 

318 

333 

346 

3flS 

37S 

387 

40T 

6  4 

9-A 

U  2 

13^6 

411 

42ft 

457 

471 

48S 

499 

513 

52(i 

54n 

55:1 

se5 

582 

596 

eio 

624 

63? 

fi5]t 

665 

80^ 

679 

693 

707 

72fl 

734 

74^ 

762 

776 

789 

617 

fi31 

^t! 

ftflft 

87:^ 

H65 

900 

91^ 

927 

941 

955 

963 

996 

*010 

+02-^ 

*037 

*051 

*0S5 

^07A 

*09:^ 

50  106 
34! 

119 
25  fi 

133 

2B3 

160 

174 

13 

201 

21S 

229 

270 

29V 

311 

32- 

336 

362 

36fi 
601 

37& 

3»^ 

406 

420 

43^ 

447 

460 

474 

488 

51  & 

525 

542 

555 

531 

563 

595 

610 

623 

637 

IS^ 

664 

t\l 

691 

83!^ 

713 

731 
86^ 

746 

753 

77*^ 

1 

.2 
3 
4 
5 
6 

1*^  ?'- 

7fl6 

826 

653 

380 

89^ 

'JO? 

L  .J 

11 
11 

1 '  a 

3-9 

6,2 
6-6 

829 

931 

947 

060 

094 

974 

967 
I2I 

*0Ol 

*0U 

+037 

*04l 

51  0S4 

oee 

Ofll 

108 

135 

146 

161 

175 

Ifig 

20I 

215 

23fi 
H61 

242 

255 
38l 

36| 
401 

282 

295 

44! 

322 

335 

34  fl 

S7r> 

4lfj 

428 

^^S 

600 

48T 

494 

506 

531 

534 

547 

5fi^ 

674 

9  I    9-1 
10-8  10.4 
12.I11.7 

&S7 

614 

627 

64  i^ 

65.1 

607 

6  BO 

693 

70r> 

-7 
■  8 
.9 

719 

733 

746 

759 

-^ — 

77^ 

785 

79S 

812 

826 

336 

B5l 
&83 

861 
066 

67? 
*009 

891 
*032 

904 

917 
*04B 

930 

*oeI 

943 
*07j 

9&B 
*067 

969 

*iofi 

*035 

iS2  114 

127 

140 

15f 

lfi6 

179 

}^2 

205 

218 

23] 

244 

3ft7 

370 

2S' 

295 

303 

322 

335 

343 

3  fit 

III 

SB? 

4G0 

41 

426 

439 

462 

46g 

47& 

491 

517 

530 

54; 

55^ 

56| 
59R 

582 

695 

608 

62  T 

634 

647 

650 

67 

685 

711 

724 

737 

750 

^31    J.  ^ 

S3? 

776 

789 

80 

au 

82!^ 

640 

653 

869 

B79 

A 

1-5 

iw 

»04 

III 

930 

943 

955 
084 

geS 

93l 

VA 

*007 

1-2 

Sa  D20 

033 

056 

071 

097 

lOd 

135 

'2 
3 

2-5 
3  7 

2>4 
3-6 

L4S 

160 

173 

166 

199 

21T 

324 

237 

260 

263 

4 

.5 

5  0 
6.3 

4-0 
6-0 

27B 

283 

301 

31^ 

326 

339 

362 

36^ 

377 

390 

6 
7 
8 
-9 

7  5 

10  0 
11-3 

7.2 
64 
6  6 

n 

41^ 

42  S 

440 

45,^ 

466 
593 

47 1 
60^ 

491 

504 

516 
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N. 

0 

1 

H 

3 

4 

790 

5 

796 

6 

800 

7 

8 

9 

P.P. 

950 

97  772 

777 

781 

786 

809 

813 

051 

818 

822 

827 

831 

838 

841 

845 

ISS 

854 

859 

952 

86S 

86d 

Sli 

877 

882 

886 

891 
936 

?2? 

904 

953 

909 

914 

923 
968 

927 

932 
977 

Sli 

950 
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955 

959 

964 

973 
018 

982 
02? 

991 
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98  OOO 
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050 
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014 

028 
068 

032 
077 

036 

04 
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046 

055 

05d 

064 

073 

082 

08 

n 

957 

091 

095 

lOO 

105 

lOj 
154 

114 

119 

123 

127 

13! 

.1 

.2 

0.9 
1.0 
1.9 

958 

136 

141 

145 

150 

in. 

249 

163 

168 

173 

IT 

959 

182 
227 

186 
231 

191 
336 

195 
240 

200 
245 

209 
251 

213 
259 

218 
263 

232 

960 

268 

2.0 
29 

961 

272 

277 

28! 

286 

290 

295 

298 

304 

308 

313 

30 
39 
40 

A     K 

962 

31 

322 

32 

331 

335 

340 

344 

349 

353 

398 

963 

362 

367 

37 

376 

385 

38$ 

394 

398 

403 

984 

40' 

412 

41 

421 

425 

430 

434 

439 

443 
488 

448 

•W    -m-SF 

985 

45! 

457 

46 

466 

470 

475 

479 

484 

493 

966 

49' 

502 

90 
55l 

511 

515 

520 

524 

529 

533 

538 

967 

54! 

547 

556 

565 

569 

574 

578 

583 

968 

58^ 

592 

59$ 
64l 

601 

605 
650 

610 

614 

619 

623 

628 

969 

63i 

637 

646 

655 

659 

663 

668 

672 

970 

677 

68l 

686 

690 

695 

699 

704 

708 

713 

717 

971 

722 

72R 

731 

735 

740 

744 

749 
793 

753 

757 

763 

i.A 

972 

76| 
8ll 

771 

778 

780 

784 

789 

798 

802 

807 
851 

.2 

U 

973 

81  i) 

820 

824 

829 

838 

838 
882 

842 

847 
89l 

974 

856 
900 

860 

865 

869 

873 
918 

878 

887 
931 

896 
940 

975 

905 
94{$ 

90d 

914 

922 

V,\ 

936 
980 

976 

945 
98§ 

954 

958 

963 

967 
*OlI 

978 

985 

977 

994 

998 

*003 

♦007 

*018 

*O20 

♦025 

♦02& 

978 

99  034 

03ft 

043 

047 

051 

056 

060 

065 

068 
115 

158 

074 

979 

075 
122 
167 

082 

127 

~17T 

087 

"isl 

176 

091 
136 

096 
140 
18i 

100 
145 
189 

105 
149 
193 

lOd 
153 
198 

118 

980 

162 

981 

208 

982 

211 

215 

220 

22l 

229 

238 

237 

242 

290 

251 

983 

255 

260 

264 

268 

273 

27 
32l 

282 

286 

295 

984 

29 

304 

308 

312 

317 

326 

330 

335 

339 

985 

34! 

348 

352 

357 

36 

36 

370 

374 

379 

383 

986 

387 

392 

396 

401 

405 
448 

40 

414 

418 
463 

423 

427 

987 

43 

436 

445 

45^ 

458 

467 

471 

.1 
.2 

9 

988 

475 

480 

484 

489 

49i 

497 
541 

502 

506 

511 

515 

0-4 

989 

51 

524 

533 

537 

546 

550 

554 

559 

1.2 

990 

56S 

568 

572 

578 

581 

585 

590 

594 

598 

603 

2.0 

991 

607 

611 

616 

620 

625 

628 

63? 

638 

645 

647 

24 
2.8 
3.2 

992 

651 

655 

660 

664 

66ft 

673 

67^ 

682 

686 

690 

993 

695 

fi9<i 

70S 

708 

712 

717 

721 

725 

730 

784 

994 

738 

743 

747 

75T 

756 

760 

765 

769 

773 

778 
82l 

•9  ■  9>D 

995 

785 

786 

791 

795 

800 

804 

808 

813 

817 
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82fi 
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834 

839 

84S 

84? 

852 

856 
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865 

997 

889 
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891 

895 
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904 
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913 
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TABLE  v.— LOGARITHMS  OF  NUMBERS. 


N. 

0 

1 

043 

3 

087 

3 

135 

'    4 
173 

5 

217 

6 

260 

7 
S04 

a 

347 

0 

r.  p. 

leoo 

000  000 

390 

01 

434 

477 

521 

564 

607 

851 

694 

737 

7B 

*21 

824 

03 

B6l 

911 

95d 

997 

1*041 

*oel 

*127 

*17i 

*2S7 

03 

001  301 

344 

387 

431    474 

517 

565 

604 

64 

390 

04 

73S 

777 

826 

36|    90G 

950 

993 

*035 

*07ft 

*1^3 

D5 

002  Iflfl 

20& 

255 

295    339 

332 

43^ 

466 

5i: 

565 

06  , 

598 

641 

684 

737    770 

814 

857 
388 

900 
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935 

mTV           j  a 

07 

003  025 

07^ 
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169    202 

245 

331 

37; 

417 

■1 

■  2 
.3 

«a^ 

4£3 

OS 

SOS 

54fi 

590    833 

675 

719 

762 

805 
*23S 

*37i 

8 

0 

I 

4 
8 

12 

3 

6 
9 

09 

891 

934 

977 

*025 

^063 

*10^ 

*145 

♦105 

10 IW 

004  321 
751 

364 
794 

407 
337 

465 
880 

493, 
928 

53^ 

575 
^009 

633 
*05l 

665 
"^094 

708 
•137 

-5 
6 
7 
^8 
^9 

17 

21 

26 
30 

17 
21 

25 
30 
34 

2 

5 

11 

966 

8 
1 
4 

12 

005  180 

22^ 

26  d 

3  OS 

352 

395 

438 

9oi 

52i 

664^ 

13 

609 

flr>2 

fi»5 

738.   781 

ft  24 

H6fi 

952    995 

39  1 

14 

006  038 

oai 

13' 

1661   309 

2S2 

295 

83? 

385    43S 

38  / 

15 

4Sfl     5091 

55:      594!   637 

630 

732 

765 

80@l   851 
+  235  +278 

16 

aoS 

93fi 

979 -^033 

*06. 

*107 

+  150 

^133 

17 

007  321 

363 

40  R 

449 

49 

534 

577 

620 

m^ 

705 

18 

74B 

79C 

833 

87S 

911 

931 

+003 

-046 

+089 

131 

IB 

OOS  174 

317 

253 

302 

344 

337 

430 
855 
281 

473 
898 
32S 

515 

940 

361 
795 

55? 

983 

^4011 

1O20 

6O0 
000  02S 

645 
06fi 

885 
11! 

728 

775 

813 

21 

15|'   196 
578    821 

23fi 

.1 
-2 
.3 
.4 
.5 

■  6 
.7 

■  8 
.9 

43. 

A     " 

42 

22 

451 

493 

533 

flOS 

70|S 

74$ 

83? 

8 
12 

17 
21 

25 
29 
34 
38 

5 
7 
0 

s 

0 
2 

8 

12 
16 
21 
25 
29 
33 
37 

£3 

B75    91  e 

see  ^003  ^^045! 

*088 

*13n 

*172 

*W15 

*257 

24 

010  300    342 

335 

427    469 

512     55^ 

b^t 

639 

631 

36 

724:    766 

flOft 

351    393 

9S!1 

978 

+020 

+062 

•105 

2e 

Oil   147l    1B9 

232 

27i,  3lB 

359 

401 

443 

486 

633 

37 

67?5|   612 

655 

697'   739 

783 

324 

BflC    903 

flfil 

28 

993  *035 

*077  *130| 

*lfi2 

*20l  *24l 

*28S  *331 

+373 

29 

012  4lS 

457 

SOD 

642 

584 

J2e 

638 

715    753 

795 

103U 

837 
013  25S 

875 
301 

931 
343 

963 

*00fl 
427 

*048 
469 

*000 
511 

*13^    171 
553    59B 

316 

637 
•05R 

31  ; 

385 

33 

673 

72? 

76^ 

906 

R4« 

390 

ft3? 

974  *oie 

394    436 

33 

014  log    145 

18 

226    25& 

310,   355 

47ft 

34 

523.   5B2 

60^ 

646    686 

7afi 

V'/2 

31-      356 

898 

35  ' 

e4Q.   982 

*024 

*0e6*108 

'150 

*192 

*234*276 

*S*18 

ae 

018  360    401 
77&    320 

443 
862 

48Bi  52^ 

56^ 
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853    695 

1*072  *113 
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jT       M^ 

37  1 

ml    946 
323    364 

988 

*030 

155 

i 

V  Tr  *  1 

38 

DIB  19Z 

239 

281 

406 

44g 

490    533 
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991 

409 

8 

12 
16 
30 

lis 

39 

016 
017  033 

657 
075 

699 
117 

741     782 
158    205 

834 

836 
384 

908    950 
32B    36^ 

1010 

242 

41 

455 

493 

534 

576,   617 
99 S  *03i 

85?l 

70] 

742    721 

J^^. 

l 

24 
29 
33 

9  24 

0i28 
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42 
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900 
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•117 

*159*201 

*24^ 

43 

}U  23' 
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409'   451 
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eS9 

44 
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45 
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241    282 
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53 
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655    69? 

7^9 
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47 
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*19^ 

+  232  *27E 
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48 
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49 

77 
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*034 

+065*101 
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TABLE  v.— LOGARITHMS  OF  NUMBERS. 


N. 

0 

1 

3 

3 

4 

fi 

B 

r 

a 

H 

P 

.P. 

1050i 

021 

185 

235 

272 

313 

35l 

396 

43^i 

47fi 

520 

66l 

t\ 

SI 

eo 

e44 

68S 

73  E 

768 

805 

85d 

892 

833 

974 

.1 

B2 

023 

01 

057 

09g 

133 

18 

232 

265 

303 

346 

387 

2 

3 

3 

53 

42 

465 

611 

553 

593 

*oo 

633 

676 

717 

758 

799 

*2l! 

.3 

12 

1 

&4 

84 

882 

923 

964 

*046 

*088 

*129 

•170 

4 

16 

6 

6S 

023 

25 

293 

335 

376 

417 

458 

49i 
916 

545 
851 

581 

823 

5 

20 

7 

&« 

664 

705 

746 

78? 

628 

8b5 

993 

*D34 

,6 

24 

8 

57 

024 

075 

116 

157 

198 

23§ 

280 

321 

363 

403 

444 

.7 

29 

&a 

48S 

52e 

568 

609 

650 

691 

732 

773 

814 

855 

-8 

33 

2 

59 

a»fi 

937 

978 

*01& 

*oeo 

•101 

*142 

•133 

•224 

*265 

^9 

37  S 

1060 

025 

3oe 

347 

383 

42  & 

'46§ 

515 

551 

59S 

633 

67i 

41 

41 

ei 

124 

755 

797 

838 

879 

920 

061 

*003 
4l5 

*045 

*08|: 

.1 

e^ 

026 

185 

206 

247 

2S8 

329 

370 

45T 

493 

2 

a 

83 

53! 
941 

574 

615 

656 

896 

737 

775 

819 

860  9011 

3 

12 

64 

9B5 

*023 

*084 

*105 

M45 

*ie6 

*227 

*266  *309| 

4 

ifl 

&b 

037 

34 

395 

431 

472 

513 

553 

594 

535 

67^ 

7ie 

.5 

20 

ae 

75 
Ifil 

798 

83g 

879 

920 

961 

*00l 

*04§ 

*083 

*123 

-6 

24 

67 

026 

205 

24B 

286 

327 

383 

40S 

449 

490 

535 

7 

28 

fiS 

571 

612 

85S 

69| 
+0B9 

734 

774 

815 

858 

89  S 

937 

.8 

32 

60 

97^ 

*oig 

*059 

*H0 

•181 

*22J 

^262 

*3oa 

*343 

.9 

36  9 

la^a 

329 

364 

42i 

466 

605 ! 

546 

58g 

627 

568 

70B 

749 

n 

71 

789 

830 

m 

91 

"95"! 

992 

*033 

*073 

*114 

*154 

72 

030 

195 

235 

276 

31 

357 

397 

438' 

47B 

519 

559 

iS;i 

73 

595 

640 
04l 

685 

72 

7BI 

802 

845 

8S3 

923 

984 

74 

031 

005 

085 

12 

166 

20S 

247 

287 

m 

388 

16  2 

75 

40g 

449 

48S 

52S 

570^ 

810 

651 

691 

772 

2D  5 

76 

811 

852 

893 

296 

93 

973 

+014 

*05l 

^094 

♦135 

*175 
578 

24  1 
38  1 

77 

032 

215 

256 

33 

377 

417 

45? 

498 

538 

78 

619 
02 1 

859 

69@ 

73 

780 

820 

860 

900 

941 

981 

32.4 
36-1 

79 

033 

OB  I 
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142 

195 

22S 

263 

303 

343j  383| 

mm 

424 
825 
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504 

545 
946 

581 
98B 
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*02fi 
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+066 

705 
*107 

~74B 

785 

1 

40 

4  0 

n 

147 

187 

^S2 

034 

227 

26? 

3of 

347 

388 

428 

468 

5D8 

548 

5B8 

-2 

8 

0 

83 

628 

e@s 

705 

748 

789 

829 

SSI 

909 

949 

989 

■  3 

12 

0 

84 

035 

025 

069 

145 

185 

225 

259 

30§ 

349 

389 

4 

le 

Q 

&5 

425 

470 

610 

550 

590 

630 

670 

710 

750 

790 

5 

20 

0 

86 

830 

870 

910 

950 

990 

^025 

*069 

•109 

*14@i*l8§l 

6 

24 

0 

87 

036 

22S 

269 

30S 

34i 

38^ 

828 

469 

509 

549 

589 

-7 

2B 

0 

as 

629 

669 

701 
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506 
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74H 

78| 
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908 

948 
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B 

32 

0 

89 
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826 

068 
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14f 
546 
944 
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38g 

.9 

36 

0 

lom* 
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nn 
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n 

S2 
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2 

7 

i 
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%b^ 

898 
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3 

11 

04 
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37l 

4 

15 

8 

95 
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5 

19 

.7 
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.6 
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7 

97 
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493 
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7 

27 

.5 

98 
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31 

6 

99 
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*334 

*274 

+3l3'*353 

.9 

35 

.5 
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LE  VI.— LOGARITHMIC  SINES  AND  TANGENTS  OF  SMALL  ANGLES. 


sin  4t  =  log  <f>"  +  S. 

0° 

log  ^"  -  log 

sin  6  +  S'. 

tan  <f>  =  log  ^"  +  T. 

log  <f>"  =  log  tan  ^  +  T\ 

f 
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T' 
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57 

4S 

43 
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3 
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6 
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57 
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4S 

42 

24  181 
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57 

57 
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4S 

43 
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B 

57 

57 
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4! 

42 
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S7 

57 
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4? 
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57 
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11 

ol 
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42 
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5? 

11 
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4S 
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5j 
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57 
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42 
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15 
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5! 

58 

45 

42 
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17 

11 

53 
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-71  830 

* 

42 

69  413 
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13 

58 

4^ 

42 

19 

E7 

68 

-  74  243 

42 

47 
42 

74  243 

3*1 

4.385  57 
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76  47B 

5^314  43 

7  73  476 

21 

57 

58 

-78  591 

43 

42 

-  78  535 

22 

57 

58 

■  30  614 

43 

42 

30  615 

23 

57 

58 

32  545 

43 

42 

32  546 

24 
26 

57 

58 

34  33S 

43 

42 
4 

84  391 

4  635  57 
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86  166 

87  361 

5-314  43 

7  86  167 

26 

57 

58 

43 

4 
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27 

57 

si 

89  50g 

43 

4 

89  510 

23 

57 

n 

51  083 

43 

4 
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23 

67 

32  612 

43 

4        ^          92  613 

3a 

4-383  57 

65         7 

34  034 

5  31443 

4: 

7  94  086 

31 

67 

n 

95  508 

43 

4 
41 

96  510 

32 

57 

96  387 

43 

96  383 
93  225 

88 

57 

69 

&fl  223 

43 

41 

34 

67 
4.fl85  5| 

5S 

39  520 

43 

41 
41 

99  522 

35 

53          8 

00  775 

5  Si4A^ 

fl.O0  7Bl 

SB 

53 

0?002 

43 

41 

-02  001 

37 

U 

11 

03  1U2 

4S 

41 

03  19| 

83 

04  350 

40 

04  352 

33 

5g 

51 

05  478 

43 

40 
40 

05  431 

40 

4  385  5S 

59          3 

06  577 

G  314  4| 

8.06  53^ 

41 

5| 
56 

6?S 

07  650 

08  636 

4S 

40 

07  653 

42 

59 

43 

40 

08  69| 

43 

5| 
66 

60 

09  711 
to  713 

43 

40 

0*  721 

44 

3D 

4S 

j4g_ 
^  40 

10  720 

45 

4-B85  66 

60          3 

11  633 

5-314  44 

8-11  39B 

46 

53 

eo 

12  647 

44 

40 

12  351 

47 

65 

5n 

13  581 

14  435 

44 

40 

.13  586 

43 

5B 

63 

44 

39 

14  49S 

43 

56 

Bd 

16  390 

44 

3§ 

,15  395 

HO 

4-385  56 

11     ' 

16  26B 

3.314  44 

^i 

8 . 16  273 

fil 

56 

17  123 
17  371 

44 

3^; 

17  183 

62 

53 

61 

44 

39 

17  371 

&8 

6B 

61 

18  795 

n 

39 

18  803 

5_4__ 
06 

5E 

fll 

19  610 

39 

iti  nH 

4-635  fig 

3            3 

20  407 
21183 

5.m4| 

S9 

8-20  415 
21  19i 

53 

^5 

6 
6 

11 

1 

B7 

55 

21953 

It 

21334 

1 

63 

5| 

6 

22  713 

U 

1 

60 

65 

62 

23  461 

a 

\     %*    \         ^"^^^ 

543 


TABLE  VL— LOGARITHMIC  SINES  AND  TANGENTS  OP  SMALL  ANQLEa 


Log  sin  4,  -  log  <l>"  +  S. 
Log  tan  <f>  -  log  ^"  +  T. 


log  ^"  -  log  sin  ^  +  5*. 
log  ^"  -  log  tan  ^  +  r*. 


n 

$ 

8 

T 

Lo|r.  Siti. 

S' 

T'       Log.  Ttoi, 

3800 

0 

4'G35  9S 

62 

B. 24  185 

5-314a 

38            B 

.24  182 

aaeo 

1 

55 

32 

.34  901 

45 

38 

.34  610 

3720 

3 

Si5 

eg 

62 

.35  609 

45 

SB 

.35Bl| 

areo 

3 

55 

.26  304 

45 

^l 

.26  311 

3340 

4 

55 
4-363  55 

6S 

8S        ; 

36  33 

45 

37 

-26  891 

3900 

B 

3.37  83] 
.28  321 

5^314  45 

37            8 

27  668 

3960 

6 

5i 

33 

4 

37 

28  III 

4020 

7 

5^ 

63 

.23  97' 

4 

37 

4030 

8 

6' 

-1- 

-39  620 
.30  25 

*l 

37 

.29  331 
.30  261 

il^    . 

g 

64 

45 

3@ 

4200 

10 

4.635  55 

6-30  87  i 

5-314  4S 

3€          a 

-30  881 
.31  504 

4230 

u 

5^ 

31  49 

45 

36 

4320 

12 

5- 

64 

32  IGg 

45 

36 

.33  112 

4380 

13 

fi4 

64 

,3270 

46 

36 

32  713 

4440 

U 

54 
4.685  54 

54 
81 

33  293 
8  33  37 

34  45 

46 
5' 314  43 

36 

3B      1       3 

33  309 

4G00 

15 

33  885 

4S6d 

le 

54 

el 

46 

35 

34  461 

4ft2Q 

17 

54 

66 

-35  013 

46 

SB 

35  021 
35  581 

4«ao 

18 

It 

4.336  51 

65 

35  57g 

*i 

35 

4740 

19 
30 

as 

-33  13l 

45 

35 

.38  HI 

4300 

65 

B. 36  677 

5.314  45 

3!              8 

38  695 

4360 

21 

5l 

6| 

37  217 

4S 

8! 

-37  239 

4920 

22 

s; 

65 

.37  750 

4 

3: 

.37  752 

40d0 

23 

5- 

63 

.36  276 

4S 

34 

-38  219 

f040 

24 

53 

66 

38  796 

47 

34 

-38  309 

«1D0     , 

3S 

4  389  53 

11 

8. 39  310 

5.314  47 

II      ' 

39  33! 
S»  831 

aiao 

26 

53 

39  818 

47 

3320 

27 

53 

87 

.40  330 

*f 

33 

40  934 

0230 

23 

5; 

67 

40  516 

33 

40  9^6 

6S40 

26 

52 

67 

.41307 

4? 

33 

41  id 

3400 

30 

l.fiSSS: 

8-41  792 
.4227! 

5.314  47 

32            8 

41807 

5430 

31 

5^: 

6? 

t? 

33      ' 

43  367 

S930 

33 

5S 

68 

,43  74| 
-43  215 

33 

13  iS 

Gsao 

33 

53 

It 

"b3 

48 

11 

1040 

34 

52 

43  e.80_ 
3  44  139 

48     1 
5  31443 

43  6» 

3700 

35 

4  685  52 

31            3 

44196 

6730 

3& 

52 

89 

■  44  594 

4S 

31 

44  61 

45  08 

SBSO 

37 

Gl 

eg 

.45  044 

43 

H 

SBBO 

33 

&I 

,45  48§ 

4| 

46 

5.314  4? 

IS 

45  56' 

Bff40 

Sft 

51 

65 

45  930 

45  943 

flOOD 

40 

4^635  51 

69 

8.43  36| 

sn        e 

46  365 

6080 

41 

51 

70 

.46  793 
.47  328 

49 

30     1 

48  81! 
47  21 

fll20 

42 

61 

70 

49 

30 

eifto 

43 

51 

7S 

.47  550 

49 

23 

47  66 

B240 

44 

51 

,43  063 

4 

29 

43  01 

B300 

45 

4  383  Kit 

71 

3.48  485 

5, 314  4 

29           8- 

48  505 

BSeo 

43 

55 

'1 

.4330S 

4 

33 

48  917 

6420 

47 

50 
50 

7f 

.  49  304 

4] 
4 

2S 

49  321 
4972I 

6430 

43 

73 

.49  703 

28 

3340 

49 

50 

72 

If 

.50  103 
8 . 50  50| 

50 

38 

50  130 

BBOO 

hi^ 

4  685  50 

5  314  50 

37     '       8. 
2?      1 

50  53« 

3640 

51 

50 

.50  807 

50 

50  920 

6730 

52 

50 

73 

.51288 

50 

37    : 

31310 

6730 

53 

11 

11 

71 

.51  673 

5O 

2? 

2 

51631 

6R40 

54 

52  05B 

^6^3U5D" 

63  079 

rosQ   / 

5S 

4  686  45 

8. 52  431 

2             3 

62  458 

50 

49 

7- 

52  910 

61 

3 

5a  833 

5?     J 

49 

7 

.53  181 

61 

3 

53  308 

m    \ 

49 

7 

,       -l^&A 

.    I 

63  579 

39     1 

4B 

?'- 

\       ,^ftU^ 

\    ^i_i 

544 


TABLE  VI.— LOGARITHMIC  SINES  AND  TANGENTS  OF  SMALL  ANGLES 


Lob  sin  4>  ->>  log  6"  +  S. 

2= 

log  (J>' 

'  —  log 

sin  6  +  8'. 

Log  tan  ^  -  log  4>"  +  T. 

log  4>' 

'  -logtan^  +  r. 

»t 

/ 

8 

T 

l^og.  Sin. 

S' 

T' 

L.og.  Tan. 

7300 

0 

4.685  48 

75 

8.  54  282 

5.314  51 

25 

8.5430s 

7280 

1 

75 

.  54  642 
.54  999 

24 

54  669 

7S20 

2 

4S 

75 

5l 

2I 

.55  027 
.55  381 

7880 

8 

48 

l\ 

.55  354 
.  55  705 

52 

11 

7440 

4 

48 

52 

-55  783 

7500 

5 

4. 685  48 

n 

8-56  054 

5.314  52 

23 

8-56  083 

7560 

6 

1? 

77 

.  56  400 

52 

23 

.  56  429 

7620 

7 

n 

.  56  743 

53 

23 

.56  775 

7680 

8 

i? 

71 

.57  083 

53 

22 

.57  113 

7740 

9 

78 

.  57  421 

53 
5.314  53 

22 

-57  452 

7S00 

10 

4.685  47 

n 

8.57  758 

11 

8.57  787 

7880 

11 

47 

.58  089 
.58  419 

53 

.58  121 

7920 

12 

47 

79 

53 

21 

.58  451 

7880 

13 

4e 

.58  747 

53 

Ih 

.58  779 

8040 

14 
15 

46 

59  072 

53 

.59  105 

8100 

4.685  46 

8.59  395 

5.314  53 

20 

8-59  42l{ 

8160 

16 

46 

80 

.59  715 

54 

2Q 

.59749 
.60  067 

3220 

17 

46 

8Q 

.60  033 

54 

19 

8280 

18 

li 

81 

.60  349 

54 

19 

.60  384 

8840 

19 

81 

-60  663 

54 
5.314  54 

19 

60  698 

8400 

«0 

*.685|| 

81 

8-60  973 

18 

8  -  61  009 

8460 

21 

82 

.81282 

51 

18 

.61319 

8520 

22 

45 

li 

.61  689 

55 

1? 

.61626 

8580 

23 

45 

.61893 

65 

.61931 

8640 

24 

45 

83 

.62  196 

55 

17 

-62  234 

8t00 

25 

4.685  4$ 

8| 

8.62  496 

5.314  55 

16 

8-62  535 

8760 

26 

44 

83 

.62  795 

55 

.62  834 

8820 

27 

a 

.63  091 

55 

IS 

.63  131 

Sl^ 

28 

44 

.63  385 

56 

]  5 

.63  425 

29 

44 

8i 

•  63  677 

56 

~\f 

-63  718 

9000 

30 

4.685  43 

11 

8-63  968 

5.314  56 

8-64  009 

9060 

31 

43 

.64  256 

56 
56 

.64  298 

9120 

32 

43 

86 

.  64  543 

14 

.64  585 

9180 

33 

43 

88 

.64  827 

57 

H 

.64  870 

9240 

34 

A^ 

86 

.65  110 

57 
5r314  57 

13 

.65  153 

9800 

35 

4.685  43 

87 

865  391 

13 

8-65  435 

9380 

36 

4i 

fij 

.65  670 
.65  947 

i? 

12 

.65  715 

9420 

37 

4S 

87 

12 

.65  993 

9480 

38 

42 

11 

.66  223 

58 

\l 

.66  269 
-  66  .'>43 

9540 

39 

42 

-68  497 

58 

9600 

40 

4.685  42 

89 
89 

R- 66  769 

5.314  58 

11 

8.66  816 

9660 

41 

.67  039 

58 

15 

.67  087 
.67  356 

9720 

42 

4l 

89 

.67  308 

58 

15 

9780 

48 

41 

§8 

.67  575 
-  67  840 

59 

iQ 

.67  624 

9840 

_44 
45 

Al 

59 

09 

-67  890 

9900 

4.685  41 

91 
9 

8-68  lOi 
.68  360 

5.314  59 

8.68  165 

9960 

46 

40 

59 

.68  417 
.68  678 

10020 

47 

40 

9 

.68  627 

69 

08 

10080 

48 

40 

92 
93 

.68  886 

60 

s? 

.68  938 
-69  19R 

10140 

49 

40 

-  69  144 

60 

10200 

50 

4-685  40 

93 
93 

8 .  69  400 

5.314  60 

07 

8.69  468 

10260 

51 

39 

.69  65} 

SE 

8^ 

.69  708 
.69  961 

10820 

52 

3§ 

93 

.69  907 

10880 

53 

39 

.70  169 

61 

05 

.70  214 
.70  465 

10440 

66 

39 

-  70  409 

61 

10600 

4.685  3S 

8.70  657 

5.314  61 

05 

8.70  714 

10660 

66 

38 

.70  905 
.71160 

8l 

05 

.70  962 

10620 

57 

88 

§S 

61 

U 

10880 

68 

88 

.71896 
.71681 

62 

JOM, 

Jisu 

88 

.97 

\       ^> 

545 


TABLE  VIL—LOGARITHMIC  SINES,  COSINES,  TANOfiMTO, 
AND  COTANGENTS. 


iTflf 


Log.  Sk 


Log.  Tan. 


Com.  D.   Log.  Cot. 


log,  Cos. 


u 
1 
a 

3 

_4_ 
§ 

e 

7 
8 

JO 

II 

12 
13 
14 
15 

le 

17 

IB 

iL- 

2U 

21 

22 

23 

j4_ 

2S 

2B 

27 

28 

29 

30 

31 

32 

33 

aj_ 

35 
30 
37 
38 
80 


46  37^ 

94  051 
06  57B 


7  16  361 
7  24  197 
7  30  833 
7  36  651 


41  _7|7 
46  373 
50  512 
54  290 
57  787 
50  QBl 


65  &Bl 
56  734 
59  41? 

71  egS 

74  348 


V .  76  475 
7  -  78  594 
7  80  611 
7  92  545 
7-84  395 


7  83  196 
7  87  869 
7.B9  505 
7' 01  088 
7. S3  fiia 


04  084 
95  508 
98  8B2 
95  223 
93  5?0 


00  773 

02  002 

03  192 

04  350 


40 

5  06  57? 

41 

fl  07  650 

A^ 

fl  08  695 

43 

a  09  71| 

fl.m  7iR 

44 

8.11  69^ 
8  12  647 
8   15  581 

8  14  49^ 
ft   in  390 

8 '  15  263 

9  17  135 
8  17  97T 
"   18  795     I 

19  610     [ 


45 
48 
47 
48 

*?_ 
AO 

31 
32 
S3 
64 
65 
M 
37 
58 
5&_l 

m^L 

/    It^g^  Cos,    I 


20  407 

21  J  8^ 

21  956 

22  71^ 


It  f^4  .135 


30103 
1760H 
12494 
9691 
7318 
6695 
5799 
5115 
4575 
4131 
3778 
347S 
32XS 
2896 
2803 
2633 
3432 
2348 
2227 
2119 
20  20 
1930 
1848 

177S 
1705 
1639 
1573 
1524 
1472 
1424 
1379 
1331) 
129B 

I25| 

1223 

1190 

1153 

1125 

105^ 

1073 

1045 

1022 

908 

976 

95i 

934 

914 

895 

87? 
860 

827 
811 
797 
755 
755 
755 
743 

730 


46  373 
76  475 
94  091 
06  57j_ 
16  269 
24  I8| 
50  582 
36  68l 
41  797 


46  373 
50  512 
54  291 
57  757 
BO  995 


7  53  982 
7  66  735 
7  59  418 
7  71  903 
7  -  74  345 


7  76  476 
7  78  595 
7  50  615 

7. 52  545 
7  94  394 


7  93  16? 
7  67  871 


99  510 
91  08l 
R2  51^ 


94  085 

95  510 

96  38i 
93  225 
f>fl  532 


8  00  731 
5  02  OOi 
3  03  194 
8  04  353 
B  ns  481 


5  oe  580 
8  07B53 
e  05  €9^ 
8  09  721 

a  10  7?fn 


9.11  R9r> 
8  12  551 
8. 13  58^ 
8  14  49P 
8.15  395 


15  272 
17  133 

17  975 

18  80^ 

19  61S 


9. 30415 
S  21  195 
9  21964 
9  22  7n 
B  33  462 

?.24lft'2 


Log.  Cot. 


30103 
17609 
12494 
9691 
79  li 
6594 
S799 
5115 
467f 
4131 
3773 
5471 
5219 
299S 
3503 
2633 
248S 
2348 
2227 
2111 
2020 
l&SEi 
1846 

1773 
1703 
1631 
1579 
1524 
147S 
1424 
1379 
133| 
1296 
1259 
1225 
1190 
1159 
112B 

1091 
1073 
104g 
1032 
999 

976 
954 
934 

ml 

595 
975 
95  fl 
545 
327 
812 
797 
733 
75 1 
75! 
743 


730 
540 


3  53  627 
3  23  52^ 
3. 05  9l5 
?-f?3  42l 


II3  73D 
75  812 
69  117 
63  3lS 
58  203 


53  ^21 
49  488 
45  709 
42  333 
39  014 


35  013 
33  215 
30  592 
28  09§ 
25  75T 


23  524 
21  405 
19  394 
17  454 

15  60S 


13  833 

12  129 
10  490 
03  9lQ 

07  386 


05  914 
04  490 
03  111 
01  774 
00  478 
99  319 
97  995 
96  90B 
95  647 
94  519 


93  419 
92  347 
91300 
90  27S 
99  275 


88  303 
87  349 
96  415 
55  603 
84  605 


83  73? 
82  957 
82  025 
81  195 
3D39i 


79  58? 
78  aM 
78  036 
77  395 
76  536 


0  OOOOO 
0  00  OOO 


1  75  509 


00  OOP 
00  000 

oo_pog_ 

00  000 

oaooo 

OOOOO 
00  000 
OOOOO 


OOOOO 

ooaoo 
9ag9§ 

99  995 
39  99@ 


99  ggg 

99  99§ 
99  993 

99  995 


99  995 
99  999 
99  999 
39  999 
99  909 


09  999 
99  999 
99  99S 
09  99§ 
99  99i 


99  99S 
99  998 
99  998 
99  998 
99  993 


99  99? 
99  95? 
99  997 
99  997 
99  997 


90  997 
99  997 
99  997 
99  996 
99  995 


99  B95 
99  996 
99  999 
99  996 
99  995 


99  995 
99  99S 
99  995 
99  99S 
99  994 


99  994 
99  994 
§9  994 
99  994 
99  995 


y  V!i%AMU 


9.99  995 


^  \si%,  SlnT 


TABLE  Ml.— LOGARITHMIC  SINES.  COSINES,  TANGENTS, 

AND  COTANGENTS.  178° 


Log.  Sin. 


8. 24  185 

8.24  903 

8.25  609 

8.26  304 
8. 26  988 


8.27  661 
8 .  28  32i 
828  972 

8. 29  620 

8.30  253 


8. 30  879 
8.31495 
8. 32  103 

8.32  701 

8. 33  292 


8. 33  875 

8.34  45C 

8. 35  018 

8.35  57S 

8. 36  131 


8. 36  677 

8. 37  217 
8. 37  760 
8-38  276 
8-38  796 

8. 39  310 
8. 89  818 

8.40  320 

8.40  816 

8. 41  807 


8.41  792 

8. 42  271 
8-42  746 

8. 43  215 
8-43  680 
8-44  139 
844  594 
8. 45  044 
8. 45  489 
8. 45  930 


8-46  366 
8. 46  799 
8-47  226 
8-47  650 
8  48  069 


8-48  485 
8-48  896 
8- 49  304 
8. 49  708 
8-50  108 


8 .  50  501 
8.50  897 
8.51286 
8.51672 
8-52  055 


8-52  433 

8. 52  810 

8.53  183 
8. 58  552 
8-53  918 


282 
Logi  60s. 


718 

706 

694 

684 

673 

663 

653 

643 

634 

625 

616 

607 

599 

591 

583 

575 

56? 

560 

553 

546 

539 

533 

526 

220 

614 

508 

502 

496 

491 

486 

479 

474 

46g 

464 

459 

45i 

450 

445 

440 

436 

432 

428 

423 

419 

41 

41 

40' 

404 

400 

399 

393 

389 

386 

382 

379 

375 

373 

369 

866 

363 


Log.  Tan. 


8.27  669 
8-28  333 

8. 28  985 
8-29  629 
8  30  265 


8-30  888 
8-31503 
8. 32  112 
8-32  711 
8  33  302 


8-33  885 
8- 34  461 
8-35  029 
8- 35  589 
8  36  143 


8-36  689 
8-37  229 
8-37  762 
8-38  289 
8-38  809 
8-39  323 
8-39  831 
8.40  334 
8.40  830 
8- 41  321 


8. 41  807 

8. 42  287 
8. 42  762 
8-43  231 
8  43  696 


8-44  156 

8. 44  611 

8. 45  061 
8-45  507 
8  45  948 


8-46  385 
8. 46  817 
8-47  245 
8-47  669 
8-48  089 


8- 48  505 
8-48  917 
8-49  325 
8-49  729 
8-50  130 


8-50  526 
8-50  920 
8-51310 
8-51  696 
8-52  079 


8 -52  459 
8- 52  835 
8. 53  208 
8-53  578 
8  -  53  943 


I  •  54  308 
Log.  Cot. 


Com.  D. 


Log.  Cot. 


1-60  676 
1.60  168 
1. 59  666 
1.59  169 
1-58  678 


1-58  193 
1.57  713 
1.57  288 
1.56  768 
1  •  56  304 


1.55  844 
1.55  389 
1.54  988 
1.54  493 
1-54  052 


1- 53  615 
1-53  183 
1-52  754 
1.52  330 
1-51  911 


1-51495 
1-51083 
1-50  675 
1-50  270 
1-49  870 


lt49  473 
1.49  080 
1.48  690 
1.48  304 
1-47  921 


Log.  Cos. 


9-99  986 
9-99  986 
9-99  986 
9-99  986 
9-99  985 


9.99  985 
9-99  985 
9-99  983 
9.99  984 
9-99  984 


9-99  981 


9.99  981 
9-99  980 
9-99  980 


9-99  979 
9-99  979 
9-99  979 
9-99  978 
9-99  978 


9.99  978 
9.99977 
9-99  977 
9-99  976 
9-99  976 


647 


85 
34 
33 
32 

»81 
30 
29 
28 
27 

_26 
25 
24 
23 
22 
21 


20 

19 
18 
17 

JJ 
15 
14 
13 
12 

_11 
10 


TABLE  VII.- 


-LOGARITHMIC  SINES,  COSINES.  TANGENTS, 
AND  COTANGENTS. 


iir 


Log.  Sin. 


Log.  Tan, 


o 
1 
2 

4 
& 
8 
7 
8 

0  _ 
lO 

11 
1? 

13 
14 
IS 
18 
17 
IB 
1» 


8 '  64  383 
6  ^  54  643 
a -54  99^ 
8.  55  354 
8  ■  55  705 


8 '  5B  D54 
6.58  400 
8-58  74^ 
8-S7  0B3 
8.57  4'?! 


8  57  75Q 
8  5B03fl 
8-58  41^ 
8  58  747 
^ .  5&  072 
8 -as  S95 
6.59  715 
8-60  033 
8  ■  BO  349 
a-BfifleS 


21 
23 

sa 

24 
25 
28 
27 
28 
39__ 

ao 

31 
32 
33 
34 
35 
36 
37 
38 

as. 


3.60  973 
g. 61  283 
i.6l  589 
B.618@^ 
8-62  186 


8-62  496 
8  63  795 
8.83  091 
8  €3  385 
a  .63  fi7? 


B  83  988 
8.64  356 
8  64  ^43 
8.64  B2? 
8  85110 


40 
41 

42 
43 
44 
45 
46 
47 
48 
4g 
50 
51 
52 
53 
64 

56 
57 
58 


8^65  3EJI 
a  ■  P6  670 
3.85  94? 
B. 86  323 
B^_4_97_ 


8>B6  769 
a. 67  039 
8-67  308 
8  67  575 
8. 67  84?^ 


8 
S 

B 
6 
8 

B8  104 
63  366 
68  827 
§8  836 
€9  144 

a 
a 

3 
8 
8 

BO  400 
89  651 
69  907 
-70  159 
.  70  409 

8 

a 

8 

70  65? 
.70  905 
,71  155 

8  71  395 
a.71  6f^S 

Log,  Cos, 


8  54  sod 
B  54  669 
8  55  0S7 
8-55  331 
8  -  55  73j 


3-56  083 
8-66  429 
8.56  77^ 
a.  57  115 
3  57  452 


3-57  787 
3-58  131 
a. 58  451 
8.58  77i5 


e 

59  105 

8 

59  42S 

a 

59  749 

8 

QO  067 

8 

60  384 

B 

BO  B98 

B 

61  00§ 

8 

61  319 

8 

61  621 

8 

-el  03 

e 

62  23i 

8  63  535 
8  63  334 
8  63  131 
8-63  435 
S  6a  7ll 


B .  64  O0§ 
3  B4  293 
8  64  585 
B  64  370 

a  65  155 


8  - B5  435 
8  65  715 
8  35  S93 
a  B6  239 
B  66  543_ 


3  66  816 
3  67  087 
3.67  356 
8  67  624 
a  67  890 


8-B8  15i 
8-68  417 
3.68  673 
8  66  933 

8 .53  3  9G 


9  m  453 
8  69  708 
8   6ft  961 

a   70  314 

3 ■ 70  464 


8  70  714 
S .  70  963 
8 .  71  203 
a.  71  45! 
8  71  697 


,8,,719S9 
Log,  CdI« 


&4S 


TABLE  VII.— LOGARITHMIC  SINES,  COSINES,  TANGENTS, 
AND  COTANGENTS. 


17«* 


:j;|(> 

ii2ii 

.11 

[» 

Mn 

a 

aso 

32-0 

31   0 

30 

7 

as 

5 

37 

^ 

3a 

I 

3§ 

8 

44 

0 

42 

6 

41 

5 

40^ 

» 

4fl 

5 

43 

0 

46 

n 

4f). 

10 

56 

0 

&3 

&1 

1 

50- 

20 

uo 

u 

lOfl 

^ 

103 

100 

3D 

lfl& 

a 

IfiO 

0 

15F) 

0 

150, 

40 

22Q 

u 

313 

3 

20€ 

6 

200. 

50 

375 

0 

2136 

t 

258 

S 

250 

3*>0     3^0 

270 

^uo 

6 

2&  g,   38-0 

27  0[  3fl  0 

7 

3a   81   02 

fi 

31 

5 

30 

I 

S 

B^  B    37 

3 

85 

0 

S4 

9 

43^5    42 

0 

40 

6 

39 

0 

10 

48-S    46 

fi 

45 

0 

43 

3 

20 

SB   e    98 

a 

eo 

0 

fi6 

« 

30 

145  0  140 

0,135 

0 

130 

n 

40 

193^  186 

6,1&0 

0 

I7S 

S 

&0 

241-6  233 

5'325 

0 

216 

g 

2^0 

340 

330 

fl 

25  0 

24-0 

23. 0 

7 

20 

1 

21 

0 

26  1 

8 

33 

3 

32 

0 

30   6 

9 

37 

5 

3B 

0 

34   5 

10 

41 

fi 

40 

0 

38  3 
76   6 

20 

63 

S 

80 

0 

30 

125 

0 

120 

0 

115-0 

4D 

165 

h 

160 

0 

153. i 

BO 

2oa 

a 

200 

0 

191-6 

330 

22  0 

25  6 

2B.5 

33  0 

36  B 

73   3 

110  0 

146   E 

183-9 


1& 

21 

24 

27 

30 

60 
-     90  , 
§.120-0 
3il50  0 


n    n    7    n    & 

0  9|0  aO  7|0-6|0.5 

00   g  D.BQ.7  O'S 

2!i.&o.§!o-s!o^i 

311. 2|1. BIO. go. 7 
5|1   3'l   TllO.O  3 

O^.S  3-^12.01.6 
SU -0  3.  513 -0  2.5 


TABLE  VII.— LOGARTTHMtC  SINES.  COSINES,  TAKOEKtal, 
AND  COtANGKNTS. 


lltf 


P.  P. 


1^1 

a  18-1 


EoilfiO 


180 
18-0 
21. D 
21.  C 
27. 0 
30  0 
60  0 
BOO 
120-0 
160  0 


JTI4 

17 
30 
23 
26 

Sd 

83 

lie 

US 


17( 

17.1 
20  \ 
23-^ 
2fl- 
20-^ 

D  ae  I 
',117^: 


171 

17? 

170 

e 

17  4 

17-2 

lilt 

7 

30 

3 

20 

^ 

B 

33 

2 

22 

S 

22   I 

fl 

2B 

1 

2^ 

9 

2^-5 

10 

29 

0 

2a 

e 

2S  3 

20 

51 

0 

57 

S 

56  @ 

ao 

67 

0 

BB 

D 

85  0 

40 

lie 

0 

114 

^ 

113.3 
111  S 

50 

145 

0 

141 

% 

10ft 

164 

162 

6 

I&-B 

lB-4 

16-2 

7 

19 

f 

18 

1 

18.9 

8 

22 

31 

& 

21-B 

fl 

24 

0 

24 

e 

24. 3 

10 

27 

^ 

27 

1 

27  0 

20 

55 

3 

54 

HO 

30 

as 

0 

A2 

s 

81  0 

40 

no 

h 

109 

108-0 

50 

138 

3 

185 

& 

135   0 

Ifil 

16  I 

19. 1 

29.4 

2B 

2S 

56 

113  J 
140  0 

im 

le^d 
II I 
21  i 

24-9 
26.1 
51.1 

80. fl 
lOB-l 
183.1 


158 

156 

tS4 

US 

6 

Ifl  8 

16-6 

15.4 

n^ 

7 

18 

4 

18 

2 

17^5 

17. 

8 

21 

0 

20 

B 

20 

S 

ao^ 

B 

23 

7 

23 

4 

23 

1 

22- 

10 

26 

3 

2B 

0 

25 

Kff. 

20 

92 

6 

63 

0 

51 

so- 

30 

79 

0 

78 

0 

77 

0 

78  0 

40 

105 

a 

104 

0 

102 

R 

101  a 

126^ 

50 

131 

6 

130 

0 

128 

3 

150 

14» 

148 

5 

15.  D 

14  8 

14  B 

7 

17 

5 

17 

4 

17 

A 

8 

20 

0 

19 

1 

19 

7 

9 

22 

5 

22 

22 

2' 

10 

26 

0 

24 

e 

24 

5i 

20 

50 

0 

49 

6 

49 

^1 

30 

75 

0 

74 

6 

74 

0' 

40 

100 

0 

0» 

3 

98 

^ 

50 

125 

0 

124 

1 

128 

31 

147 

14.7 
17  1 
1»| 
22  0 
24  ft 
49  0 
73  5 
63 -9 
122-5 


146 

14-61 
17 
19 
21 

24  _ 
48  6 
73  0 
97-3 
121    6 


145 

14  6 
16 
19 
21 
24 
48 
72 
06 
120 


Ol'O.l 
20  1 
2  O.L 
5  0-1 
^Ol 
5,0.3 
7  0-5 
_  0  0-E 
1  3.0-5 


TTpT 


550 


f! 


^ 
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AND  COTANGENTS. 


174* 


8inJ  d.    Log,Tan<.c^d.  Ug>  CoL  Ld^.Cds 


P,  P. 


a95< 

8  96{ 
8  9J^1 
8  95  ; 
8-9a  ^ 
8  96^ 
8  90' 
a  9ft  f 


mm 


37  131 


13i 

131 
131 
131 


13 


a. 99 

fl'99 

9-00 
9J)0 

9  00^ 
00 
00 

ffOO 

o.on 


662 
791 
019 

vn 

300 
427 

S79 

sol 


1-00  985 

1^00  ei)!! 

iOO  725 
1  Of)  595 

00  A^ir, 


9  99  Ei3l 
9  90  B33 
9h99  8^2 
9-90  eSl 
9.0&  830 
9^99  B23 
O&fl  827 
3.99  B2Q 
3.99  S25 
9  99^24 
9.90  823 
099  822 
990  821 
O'OO  Bli< 
0  99  SIS 

9-99  ai7 
9.99  BIG 
0-99  81 S 
9.§0  814 

090  ftl3 


9  00  811 
9'99  GlQi 
9-99  309 
9  99  SOB 
9  09  807 
^90  0Oi 
3  99  aD4 
a  09  B03 
9  99  803 
2-99  8Q1 
0  99  799 
9. 99  79B 
9  99  797 
9-99  70fl 
9  99  79j 
9  90  793 
9-90  702 
9-99  791 
9-90  73y 
9-99  7^H 


0  9ft  204  9  99  761 

0  08  oai 

0  97  959 
0  07  asfi 


LogTCoT  c.d»  Lo^.  Tan.  Log.  SIdi 


145 

144 

6: 

14S 

144 

7 

ia.9 

18  8 

8 

19.^ 

21.7 

19.2 

9 

21  e 

10 

24a 

34^0 

20 

483 

48.0 

.?0, 

72. 5 

730 

4o; 

9a.6 

flao 

50  1308 

12U0 

141 


14.3 
1B7 

19. n 

21  I 
33. g 
47  & 
71.5 

95  I  _     _  _ 

110.1118  51175 


14^^ 

ul 

1S.@ 
213 
23^S 
47-3 
71.0 
94.6 


19  4 

laa 

31J 
33  5 
470 
70.5 
94  0 


9-90  761 


lio 

13fl 

t;ia 

fl     14.0 

130 

13.S 

7    I6.| 

le: 

16.1 

ft    IftG 

Iflr 

1H.4 

9    31.0 

20. 

30.7 

10     23. i 

23. 

23  0 

20    48.6 

46-^ 

40.0 

30    700 

e9.& 

600 

40    93-3 

93-fi 

H20 

&oiie-S 

115.& 

116-0 

137 

13-7 
16.0 
Ift^S 
30-5 
23. 1 
45. 1 
68.5 
91.3 
114^1 


13-a 

158 
18-1 
20-4 
32. S 
45  3 
Q8-0 
90.| 
1I3-I 


]3J> 

134 

133 

13.5 
lS-7 

134     133 

IB  g     lS-6 

18. 0 

17-1     17-? 

2ft,  fl 

20,1     19,9 

325 

22-S,    321 

450 

44,S 

44.3 

fl7fi 

(37-0 

U5 

000 

a9.| 

63.6 

112,5 

111-S 

110^ 

131 

130 

I2n 

6^  13.1 

13-0 

13-0 

7 

15^ 
17, 

15.1 
17-5 

15,0 

a 

17-2 

9 

10- 
21,; 

19-5 

19.3 

10 

21 -fl 

21-5 

30 

43.* 

43.3 

4??.n 

30 

05-^ 

as^g 

6^.5 

40 

37-1 

flft-(^ 

sro 

60 

109.1 

108.3 

107.5 

13;^ 

13-3 
154 
17.8 
19.6 
32-0 
440 
660 
83  0 
110.0 


l?8 


127 

130 

1^^^ 

137 

13.6 

13-5 

148 

14,7 

14-e 

16-g 

19-0 

16-8 

ia-6 

187 

139 

10 

21.1 

21  0 

20  ft 

20 

433 

43-0 

41.6 

go 

63  5 

63  0 

62  5 

40 

S4.fi 

840 

83.} 
104.1 

50 

1058 

1050 

%72 

T3I 

120 

t 

1 

a 

12,2 

12.1 

12. G 

0-1 

0.1 

7 

14-j 
!fl,2 

14- 

un 

0.3 

f). 

S 

16; 

16. C 

0? 

0.  . 

9 

?fl.a 

18. 

180 

o-i 

0.; 

0. 

10 

40.(^ 

20- 

20,0 

0-fi 

20 

40.< 

40-0 

0.5 

o.^ 

30 

61.0 

80. 

60,0 

0-7 

05 

40 
50 

H\4 

30. 

to.o 

1.0 

n 

\Ql4 

100. 

1000 

1-3 

K<?. 

H 

n 

0.1 
0.1 

gl 

0.3 


%4S 
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Log  Sin.   d«  LogiT^n.jcd,  UgkCotAog.Cofi^ 


V 

I 

2 

3 
A 

5 

b 
1 

8 

9 

10 

II 
12 

la 
u 

15 

le 

17 
18 


21 
22 
23 
24 
S& 
25 
27 
28 
20 
30 
31 
32 
33 
3J 

sa 

3fl 
37 
38 
li 
j(> 
41 
42 
d3 

45 
iE 
47 
4» 
43 

51 

62 

S3  |g 

54 

55 

5B 

57 

58 

59 


01  925 

02  043 
02  163 
02  2S2 
02  40! 
02  520 

D2  esii 

02  756 
02  a74 
02  &92 


03  342 
03  46B 
03  574 


120 
11^ 
119 
119 
X19 
11& 

lis 

118 
11? 

03  lOglJI 


9-02  16^  T^T  D-97  e3B 
9-02  233  \i\  0-S7  710 


S^9  7S1  UO 


9-02  404,1^^ 
9.02  B2D||^^ 
9.02  Q45|^^^ 
g.03  705  Y^ 


116 

116 
116 

03  eell^J^ 


9  02  885 
903  004 

&  Oa  123itiq 
9^03^42 1 -^-^^ 

9  03  aei;^}^ 

9.03  479^^^ 
9.03  597' 
9.03  7l| 
9  03  &3l 


03  SOfi 

03  919.1. 

04  034  [}| 

^"  114 

11 
|1^ 


04  26  J 
04  376 

04  tmWi 

04  7lS|"^ 

04  H28'^}?. 

04  940  {|^ 

05  OB^.Itf 
05  I63'{{f 
05_275,*^^ 
05  383  |}i 
05  495  ^^^ 

05  607 

06  717 
05  827 


05  936 

06  G4n 
06  155 

06  264 

06  37^ 


06  450 
06  a  31^ 
06  690 
06  603 
06  913 


07  017 
07  124 

07  230 
07  33fl 
07  44S 
07  54S 
07  65 H 
07  753 
07  863 
07  967 


08  072 
08  17fi 
08  27[5 
08  3B3 
OS  4Bri 


flog,  Cos^ji 


no 

110 
UOj 

log 
loS' 

109 

log 

10% 
108 
108 

lot 

107 
107, 

107 
lOE 

loe 

loe 

106 

loi 

10 

log 

lOa 
10^ 
104 

104 
10^ 
lO!^' 
lOS 
103 


118 


[17 


0.97  595 
0  97  475 

0^_7  35i 
O.d"?  234 
0-97  115 
0  98  395 
0  96  876 
0^96.757 
0  96  639 
O-SB  62 


9.99  760 
9-99  759 
9  99  75? 
9  9B  756 


g.0.96  403 


9  03  948 
9.04  065 

&-04  m 

9-04  297 
9  04  413 


9-04  52i 
9  04  643 
9  04  753 
9  04  872 
9^.04  J87 

9.05  101 
9-05  211 
9. 05  32 
9  05  44i 
9  06^55 
9  05  666 

9.05  778 
9  06  890 

9. 06  OOl 
J  08  113 
9-06  224 
9-06  335 
9.06  44. 
9-06  65l 
Q.nfl  f.flB 


117 
117i 
116 
116 
1J6 
115 
115 
11^ 
114 

IH 

114 
US 

Ills 

113 

lis 

113 
.115 
112 
112 
111 
111 
111 

iii<: 


0  96  28  EJ 

p_9ejeS 

096  051 


9  99  761 
9-99  753 
9  90  76Z 
9  99  75r 
9  99  74 
9  99  74| 
g-09  746 
9  99  745 
9  99  744 
9.99  742 


P.P. 


095  93 

0  95  Rlh 
0.95  702 
0  95  5B7 


9-06  775 
9  06  8G4 
9-06  994 

9. 07  102 
9  07  2il 


9  07  31 I 
9-07  42@ 
9. 07  535 
9  07  643 

9-07  7fiO 

'9^07  mi 

9.07  9fi3 
9-OS  071 
9  08  17? 
9_08  28ii 
9-08' 389 
9  03  494 
9. OB  600 
9-08  705 
9  OB  810 


0-95  471 
0.95  35fc 
0-95  24 
0^95  12 
0i95_0ia 
0.94  899 
0  94  785 
094  672 
0.94  56§ 
OJ4_440 
0  94  33^ 
0.94  22: 
0.94  110 
0.93  998 
0  9S  887 


0-93  77*; 


/'■Og- 


Cot. 


ttk,0.93  885 
ii",0-93  564 
lIoP  S^  44i 
^^"^M33j4 

^^^  0-93  22o 
0-93  115 
0.93  00^ 
0-92  897 
0  92  78E 
0  92  680 
0-92  572 
0-92  464 
0.92  357 
n.9^  24" 

0-92  14'^ 
0.92  035 
0-fil  920 
0  9]  821 
0  91  716 

0  91  eii 

0.91  50^ 
0-91  4O0 
0.9 1  295 
0_91_190 


log 

109 
109 

log 

108 

10| 
107 
107 
107 
107 
107 
lOi 
106 
106 
lOl 
105 
10?1 
05 
105 
104 


c.d. 


7 

fl 

@ 

10 

20 
jSO 

49 
48 
47 
46 


9  99  741 
9  99  739 
9-99  738 
9  99  737 
3  M735 


9  99  734 
9  99  73i 
a. 99  731 
9-99  730 
9  9J_7_28 

9.99  722 

9  90  725 
9.99  724 
9  99  723 
9  99  72 1 
9  99  720 
9.99  718 
9  99  717 
9.99  71F 
g  99  714 
9-99  712' 
9. 99  711 
9  99  71E: 
9  99  70& 
*l  99  707 


9-99  705 
8-99  704 
9.99  702 
9,99  701 
9-99  899 
9  99  698 
9. 99  696 
9.99  695 
9.99  89; 

9  99  690 
9  99  689 
9.99  687 
S  99  €86 
9  9_96_a3 
g  J9  883 
9  99  681 
9  99  379 
9  99  878 
9_99_e_7ii 
9  99  8751 


ISO 

120| 
14'0i 
IB.O 
13.0 
20-01 
400 
80. Gi 

_.  _    BO.O 

101.3  100. Sioo-ol 


12  1 
14.3 
16  2' 
183 
30J 
4Q.g 
flO.7, 
ai'O' 


J  31 

124 
14  1 
18} 
18  1 
20-1 
40. S 
80.5 
SOS 


110 

11-91 
139 
15-8 
17. S 
19  5 
39^ 
595 
79" 
90 


W 


^ 


117  117 

BU.M1.7 

7  13  7,  IB  6 

B  15.9  15  6 

9  17-e  17-5 

10iie6  19  5 

20  39.L39  0 

SO  5e-7;58B 

40  78.3,78^0 

50  97  9197^5 


116110 

11.©  11  0 

13.i:134 

154l£'| 
17  4  17 
19.119 
38-0  38 
58  0  57 
77-^  75 
96  195 


114  114  11  H  11^111 

11. 1  11-4111.3  11-2  11.1 
133  13  3  13  2  13  D  139 
15  2;i5  2'l5  C  14  S  14  8 

17  3;17  1  16  S  leS  18.B 
19  1  19  0  18  I  18^  IfiJ 


30  SST'SaO  37-0  37  5  37  0 
30  67  2  57  0  56  5  56  0  56  8 
40;7B  3:76  0  75  3  74  6  7i0 
fiOl95  4l9G. 0. 94-193  9  BS^ 

no  110  109  IDftl 

6|ii.Dii.giio.fl  io4j 


7112-9  12-112-7  12  81 
,14  1  14't 


81I4-7  14  S: 


0  16  6  18  5  16  3  18-3 
ia.4  1BS;18-l  IB.O 


lOT  107  106  105  1(] 


36  I  86  6'3ft  §  38  0  1 
5p.^  5b.DiS%  5  ShiO] 
73  B  73.S]7;e  i  72.0i 
92  ^9i.S.9u-ifl     " 


10.7 10 

12^5  12  _ 
14. S  14-5 

16  ilieo 


10.5110  51194 
12  3  12  S  12! 
14.1114  0  IS  i 

lS-9'15  7  154 

17  9  17  |il7-i  17-5  17| 
35  8  36  5  36  3  35  0  S4$ 
53  Z  53  §  53  0  52-5J52 
71. 6, 71  I  70  S  70  0  89 
89  ei89.1  Sei  S7  5iB5 


oiio.a 


121 

138 
15  5 
173 
34£ 

51.7 
69  0 
50  Bfi  g 


103 

103 
12-0 
ISJ 

15. 4 
17J 
34.B 
51.6 
63  I 


\  1 

0  lo.i 

0  2  0  1 
02:0  j 
0.201 
0  501 
0  5C-S 
0-7  0  5 
1-0  0  6 
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Sin  J  d»   log,  Tan,  c^dh  Log.  Cot  leg.  Cos 


P.  P. 


794 


.    10  454 
9   10  6551 

10  756  ■ 

10  8'5fli 


tl 


9.13  428 

9^12  G2I 
9.13  717 
9_  12  811 

9  12  30^ 
9  13  004 
9  13  099 
S  13  191 
a   13  28§ 


96 


S7  571 
B7  475 
87  379 
87  233 

0  87  la? 


9  13  3B4 
9  13  47B 

913  57^- 

9  •  13  ecfj 

3  13  7efiJ 
9. 13  H54 
9  ia947 

9  14041. 
9  14  134 
9  14  227 


9  14319 
9  14  412 
9  14  50'! 
9  14  59G 

9-14  eai 

U73D 


Log-  Cot. 


0-91  06^ 
0.90  9B1 
0-90  877 
090  773 
0.90  670 
5.90  566 
0-90  46^ 
0  90  360 
0-90  2S8 
0^90  15i> 

0-90  053 
89  9Si 
89  84$ 
89  748 
B9  647 
89  549 
89  445 
89  344 
£9  244 
89  14 


69  044 
S8  94I 
-88  845 
.  Bfl  745 
■  Sa  &4G 


9  99  675 
9  99  67;l 
9  99  672 
9  99  670 
9^9_9  B69 

9  99  se? 

9. 99  665 
9  99  664 
9-99  662 
9.99  6.6] 
Ef  99  659 
9  99  Q58 
9  99  656 
9  99  854 
9  99  653 
9  99  051 

99  6^0 

99  648 
9  99  64G 

99  fi45 
-  99  645 
9  99  641 

99  640 
9,99  639 

99  337 


eS&48|9-99  6a5 

■  SB  449 

•ssasi 

■  S8  S53 
J8  15J 

Sft057 

■  B7  95y 

■  a7fi62 
-87  75a 

67  668 


0.  87  0^1 

-0  sa  99a 

'  0   &6  905 
O.B6S0S 

0  36  710 
0  36  61 S 


0-36  52l 
0  86  42? 
0  36  83^ 
0_86  239 
0  SB  U6 
0. 86  053 
0  85  959 
0  SB  Se6 
0  8_5_773 
0  85  6aS 
0  85  538 
0  36  495 

0   95  403 ^r^ 

0   as  3lT  9  99  577 


0   35  21^ 
|C.d,  Lo^.  Tan. 


99  610' 
99  608 
99  606 
99  6Q5 
99  603 
9  99  60! 
9 . 99  600 
9  99  5f^S 
9  99  &Ge 
9 ■ 99  5^4 
9-99  593 
9-99  591 
,  99  589 
9  99  59? 
99  586 
9  99  594 
3  99  532 
9  99  5BQ 
9  99  579 


&9  57? 


.og»  Sin 

5^ 


t04   103  102   101 


1017 


10  4110  8  10 

12  i  120  11 

13  S^iat  13 

!£}  6  15  4  15 


34-6 

52.0 
69  I 
86.6 


17.1,17 
34^  34 
51.3:51 
56   §66 


10.1 

III 

15.1 
16  8 
33.  & 
50-fi 
67^3 
14  I 


tOO^  too     !>9     08 


flO  0 

9 

t 

1  9, 

11 -a  11 

In 

13  5  13 

i 

13 

15,0  14 

14 

'U  ^ 

16 

5 

16 

33-^ 

33 

0 

32- 

50  0 

49 

5 

49 

66  H 

66 

0 

65 

83^ 

9% 

5 

Bl. 

07^ 


?  9  7 
U. 4.11. 3 
13.01129 

14.6114-1 
IB-S  16-1 
32-6  33^ 

48.?;48-5 
65-0  C4  ij 

Bi-Sieo.8 


1X1 

99 


»5 

96 

11  i 

12.8 
14. 1 
15. 1 
31.6 
47-6 
63.3 
79.1 


6OI7S 


-I 

2  2 


9 
10 
IS 
13 
15 
31 
48 
62 
77 


,    9  1 
7  10  7 

12  2 

13  7 
15-3 
30- E 
45.7 
61  0 
76   I 


9.1 
10  6 

la.f 

13   I 

15.  f 
30 


na 

9  t 

10.! 
12  t 

15  ( 

to.c 

45 


60   f5-,50 
75  S75 


ttt: 
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TABLE  VII.— LOGARITHMIC  SINES,  COSINES.  TANQENT8, 
AND  COTANGENTS. 


lefii' 


'    Log.  Sin.   d^    Lag.  T^rt,  c.d.,Log.  Cot,  L«^.  Ci>£ 


o 

J 

2 
3 

A: 

G 

& 

7 

B 
_9 
10 
II 
12 
13 
IJ 
15 
IQ 
17 
IG 
19 


31 
22 
23 
U 
25 
26 
27 
2S 
29 
riti 
3^ 
32 
33 
34 
35 
36 
37 

sa 

11 
lij 
41 
A2 
43 
44 
45 
46 
47 
48 
40 


23  36- 

24  031 
34  110 

24  1  a" 
34  35; 

24  aJs 

24  394 
24  465 
24  53B 
24  607 


24  677 
34  748 
24  318 
24  801 

24  95S 

25  028 
25  098 
25  167 

25  237 

25306 


25  376 

25  44S 
25  514 

35  5a§ 

35  553 


25  721 

35  790 

25  B5B 

26  B27 

25  99^1 

36  0E3 

26  13l 
36  199 
26  267 
2e_3S5 
26  403 
3fl  470 
28  537 
3e  605 
2n  f57S 


■  36  73^ 

26  aoO 

26fl73 

38  940 

_27_Op7 

27  073 
27  140 
27  20G 
27  372 
27  339 


35  000 
25  073 

.35  146 

36  319 
35  292 


925  fi&? 


9.36  086 

9  26  159 

%   26  229 

26  300 

3-26  37T 

&.26  44S 

9  26  51^ 

9  26  58iJ 

9  26  85S 

9^26  726 

9  26  796 

§•26  667 

26  937 

37  007 

27078 


27  14B 
37  213 
27  283 

27  357 

27  427 


0  27  49^ 
9  27  566 
9. 27  635 
9  27  70l 
9  37  773 


9. 37  845 
9.27  9ll 
9  37  980 
9  39  049 
9  2H  117 


26  186 

29  254 

28  323 

28  390 

28  459 1 

23  527 

I  59|! 

•  26  662' 

28  730 

*  928  797 

9   38g6^ 

Cot, 


73  ! 


0 

^^  n 
7i  r 

7| 
73 


0 
0 

7S,^ 

73  i° 

73 

73 

73 

73 

73 

'1 
7S 

72 

72 

72 

72 


72 

71 

71 

71 

71 

7T 

71 

7D  , 

71  i 

75 

75 

70 

75 

70 

70 

70 

70 

69 

70 

e? 

69 
69 
65 


es 


388 
2t" 

22i 

147 

07^ 

000 

§27, 

154 

781 

7081 

635 

562 

490 

437 

3_4S 

273 

201 

12S 

057 

98i" 

9lS 

E42 

771 

69y 

_62S 

557 

496; 

413 

344 

274 

20S 

1»3 

063 

99^ 

922 


50^ 
434 
365 
29| 
226 
157 
089 
020 
951 
98^ 


ei4 
74e 
677 
60§ 

641 

47  3; 

405 
33 

270 
205 
135 


99  266 
99  264 
99  262 
09  25§ 
99  257 


99  255, 
99  255 
99  250 
99  248 
99  345 


99  243 
99  240 
99  238 
99  239 
99  £"33 
99  231 
99  22| 
99  226 
99  234 
99  221 

99  219 
99  31B 
99  214 
99  213 
99  20p 
99  207 
99  204 
99  20 
99 
a  99  197 


99 


\isirs;;^ 


Oft 

Q» 

«7 

«7 

fl 

6.e 

6   8 

S  f\  s.» 

7 

9   0 

7 

? 

91   7 

1 

8 

91 

9 

9 

0,!  8 

f 

9 

lOS 

10 

2 

10 

1 

10 

I 

10 

22-1 

11 

^ 

11 

^ 

n 

20 

23 

f 

22 

72 

' 

30 

34. S 

34 

0 

33 

A3 

40 

45  ft 

iB 

45 

0 

44 

50 

67  1 

56 

^ 

56 

2 

65 

f«C^ 


55^S 
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TABLE  VII.—LOGARITHMIC  SINES,  COSINES,  TANGENTS, 
AND  COTANGENTS. 


lea" 


Log.  Sin.    d. 


9  2S  UtiO 
9.28  I2b 
9  2B  X&9 
B  ■  2B  2!>4 
B  28^319 
9  28  aa3 
d '  28  448 

9-28  705 
28  7fi| 
28  832 

28  960 


9 
9_ 

a 

s_ 

9 

9 
9 
g 

B 
9 

0- 


29  023 

.2a  150 

■  29  2  LI 
■29  277 


29  340 

IB  408 

39  52i 
2B_^ 
29  654 
29  7l€ 
29  779 
2B  841 
29  &05 

29  965 

30  C2. 
3D  08§ 
BO  151 
30  213 


30  275 
30  33G 

80  45§ 

80  525 


30  682 
30  643 
30  704 

30  765 
30  826 


(9 
9 

9^ 

9  30  88^5 
9  30  94^ 
9  81  D03 
9  81  083 
9  81129 


81  ISl 

31  30§ 
31  370 
31429 
SI  485 
31  &4!5 
31  809 
31  609 
Jl_7^8 
31788 


Log.  CDS. 


Lo^.  Tan.  c.4h|Log.  Cot.  Ug.  Cos 


28  865 

28  93^ 

29  OOO 
-29  067 

29  134 
29  2QI 

'  29  288 
29  835 

■  29  401 
29  468 
29  535 
2^601 
29  66^ 
29  734 

^2fl_B0O 
29  866 

-29  932 

29  9@8 

30  064 
aO  12H 


I -SO  195 
1-30  265 
I  30  32fi 
I  30  391 
I'  3_0_  456 

■  30  522 

■  30  587 
30  :52 

-30  717 
30  78] 

30  846 

■30  911 

30  975 
■31  040 
:31  104 
•^31  lei 

31  232 
■31  297 

81  361 
■31  434 

31  4S8 
■  31  55S, 

SI   616: 

31  67^ 
31  743 


31  80^ 
81  GE9 
31  953 

31  996 

32  059 


9  3: 


32  122 
S5 
32  248 

32  310 

3_2_313 

32  436 

33  49fl 
33  5GP 

33  nB5 
9  3:^  74? 


71  135 
71067 
71  000 
70  933 
70866 
70  7  98 
70  733 
70  665 
70  593 

70  sa! 

70  465 
70  893 
70  332 
70  266 
70  200 
70  134 
70  068 
7O00_ 
69  936 
69  870 


69  805 
69  73§ 
69  fi74 
69  608 
69J43 
69  478 
69  413 
69  348 
89  288 
69  218 
69  153 
69  039 
69  024 
6B  960 
68  898 
68  831 
6S7B7 
68  703 
eS  639 
GB  B7r^ 


99  194 
99  192 
99  189 
99  187 
&9  185 
99  182! 
99  180 
99  17? 
99  175 
99  17S 
99  170 
99  167 
99  165 
99  162 
99  160 
99  157 
99  155 
99  152 
99  150 
B9  U7 


99  145 
99  142 
99  139 
99  137 
99  134 


88  5]] 

68  447  9 
68  384 
68  325 
6B  257 
68  193 
«8  13Ei 
68  067 
68  0D4 
67  941 


87  878 
87  815 
67  752 
87  683 

87  620 
67  564 
87  501 
87  439 
67  377 
67  3H 
67  35^1 


Lo^4  Cot.  c.dhLogi  Tan l|  Lag,  Sin 


99  132 
99  129 
99  127 
99  124 

9t  122 


99  119 
99  lis 

■99  114 
99  111 

JJU09 
99  106 
99  104 
99  101 
99  099 
99  098 


90  09:1 
99  091 

■  99  088 

■  99  085 
_93^0BJ 

99  080 
99  077 
99  075 
99  07i 
99  069 

■  99  067 
99  064 

-99  P62 

-99  0E9 
99^fi_fi 
99  054 
99  051 
99  04S 

-99  046 
99_qjt3 

.  99  OA'1 


P.  P. 


6^?| 


10 


10  11 
2022 
30  83 

40  45 
50,56 


67 

6  7 

8 


II 


7, 
8 

S|10  0 
10:11.1 

20132  ■! 
30,33,2 
40,44  3 
5O1B5.4 


no 


77 

8 


«5_ 

8-5 
7  6 
§1  8-7 
9    9-8 


6/1 

6  5 


10. 9  10 
21   6  21 

32.7132 
43  6;  43 , 

54.6[&4. 


U'l     &1 

m 

R3 

6    8  4    6  4 

6  3 

6^ 

7    7  5    7  i 

7.4 

7. 

9    86    SB 

8  4 

S' 

9    9-7    9-6 

9   5 

9- 

10:10. ?|10  6 

10.6 

10- 

202I.5I2I.3 

21  ■  I 

21' 

30  32  S32  0 

31-7 

31- 

40  43  0142'^ 

42^^ 

42  ■ 

50J53  7I53-3 

52  9 

53. 

«2    n2   m 


a^S 

6  2 

fi-T 

fi. 

7.3 

7^3 

7-2 

7 

8  3 

8-2 

8  2 

a- 

94 

93 

9^2 

9 

104 

10,3 

10. i 

10 

2Q-^ 

20-6 

20  5 
30.7 

20  ■ 

31    2 

81-0 

30 

41  .6 

41.3 

41  0 

40  ■ 

52   1 

51-6 

51,^ 

60, 

61 

I 


no 

60 

8 

6  Q 

8^0 

7 

7.0 

7.0 

3 

8  0 

8  0 

9 

9  1 

9-0 

10 

in-i 

100 

20 

20 -t 

20  n 

30 

30-3 

30  0 

40 

40-3 

40,0 

50 

50-4 

50^0 

59 


a 

610.3 
70-3 

8  0^4  . 

s'o^io 

10  0-5  0 
20!  1,0  0 

30l^5i'l 
4012-0.1 
5n  -^  5  T 


0 
0 
0 
0 
0 
0. 

l\. 

1  !1  . 


5 

9 
9 

19. 5 
29-? 
39-6 

49. 6 

3 


v.'?. 


Ki- 


/\fi7 


-^^ 
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■LOGAHITHMIC  SINES,  COSINES,  TANGENTS, 
AND  COTANtaJN  1^. 


IW 


'    Log,  Stn. 


it 

I 
2 
3 

._4 
5 

a 

7 

a 
A. 

10 

11 

12 

15 
IB 
17 
IB 

19 


20 

21 
22 
33 
34 
2S 
26 
37 
28 

aft 

3(J 
3] 
33 
33 

35 
36 
37 
3fl 
39 


41 
42 
43 
44 
45 
46 
47 
4S 
49 
SO 
fil 
52 
6S 
S4 
65 
06 
S7 
^8 
S9 


31  7SB 
31  847 
SlflOG 

31  066 
33Q2_5 
az  084 

32  143 
32  202 
32  26fi 
32  3J^ 
32  37i 
32  430 

32  49fi 

33  5SS 
32  611 
32  6  70 
32  723 
32  786 
32  344 
32  902 


32  950 

33  017 
33  075 
33  133 
33  19C 
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TABLE  VII.— logarithmic:  SINES,  COSINES,  TANGENTS. 
AND  COTANGENTS. 


lee" 


11 

12 
13 
H 
15 

le 

17 
18 

ig 


9  35  75^ 


54 
9.35  8S0   55 


0  35  014 
fl.35  &A8 


9  3fl  02T 
9-36  075 

g  3ft  I2& 

$336  235 


30 

31 
22 
23 
?i 
25 

sa 

27 

28 

39 

a  (I 

31 

32 

33 

34 

35 

36 

37 

3S 

3i 

40 

41 

42 

43 

44 

45 

46 

47 

4S 

49 

30 

51 

52 

53 

54 

55 

50 

57 

58 

5« 


g  3e  239 

9  3fi  3A2 
9  36  395 
g  aE^  44S 

9   3_R_50l 

9   36  55J 

3&  SO? 


Log.  Shx  d 


■  35  203 

35  319 
.35  372 

35  481 

35  536  _. 
.35  590;  II 

35  641  ll 
.35S98 


36  06(1    ft5 
36  713    °^ 
36766 
36  9lg 
36  H71 
36Q2a 

36  976 

37  02| 
37  031 
37  133 
37  135 
37  237 
37  28^ 


37  341 
37  39:^ 
37  145 
37  497 
37  548 
37  600 
37  652 
37  703 
37  755 

37  m^ 

il  857 
37  909 

37  960 

.  saoiT 

9  3SD62 

9  36  n| 

9  36  164 
^.31  216 

38  266 
38  317 

38  m^ 


Ur.  Cat, 


a -38  56_'^ 
9  36  633'  U 
g  38  661  in 
3  36  733  Im 
9. 36  795,  ti 

8  38S55i  ^' 

9  36  905'  t? 
9  36  9661  cl 
9-37  0:123'  ^^ 


9  37  080 
9  37  136 

9  37  195 
9-37  350l 
9  37  30^: 
9-37  363, 
9  37  41|. 
9  37  475 
0  37  532 
937  5881 
9  37  644 
37  70n' 


Log.  Tan,  led  J  Ug.  Cot, 


9  36  33fl|  ri? 
9  36  394  rn 
9  36  4511  l^ 
9  S6  509    Q^ 


0  63  663 
0  63  806 
0-63  54S 
0  63  49_ 
0-63  43^ 


37  756' 
37  313 
37  868' 
37  924  S 


9  37  97SI  ° 
38  035  ^^ 
33  091 
38  146 

38  202 

39  257 


36  313 

38  388 

_  36  43^ 

9  3S47S 

9  38  533 


36  539 
38  644 
38  6gg 
38  75^ 
38  806 


38  863 
36  911 

38  972 

39  027 
39  ORT 

39  136 

39  180 

39  34l 

39  299 

39  353 

9-39  407 

9  39  401 

9  3951! 

9  39  365 

9  38  625 

9  3fl  P77 


Log*  Cot.c.d 


63  376 

83  sig 

63  262 
83  204 
63  147 
63  090 
63  §33 
62  977 
62  920| 
62  363 
62  305 
62  750 
62  B63 

62  637 

63  560 


62  524 
62  463 
62  41:^ 
62  356 
62  29^ 
62  243 
62  168 
62  132 
62  076 
62  020 


61  964 
61  806 
61  653 
61  798 
6^1  745 
81  667 
61  632 
61  576 


0  61  52l 
0  ei46R 


0  61  411 

0  61  356 

0-61  30T 

0^61  24B 

0  61  isT 

061  137 

0  61082 

0  61  02? 

60  973 

60  91S 

60  664 

60  80^ 

60  755 

60  701 

60  647 


60  591 
60  536 
60  484 
60  4  3D 
60  37E 
0  60  323 
Log.  Tan. 


Log*  Cos, 


98  67S 
96  68! 
98  661 
g8B6i 

98  656 

g8  65e 

96  852 
96  849 
98  846 

98  843 

99  340 
&8  337 
BB  834 
98  33 
98  828 
98  825 
98  822 
98  81^ 
98  816 


98  81. 
98  8IO 
96  807 
96  804 
98  8OI 

98  7gfi 

98  795 
S8  792 
98  789 
98  786 


T40 


88  788 
88  760 
88  777 
88  774 
08  771 
96  768 
93  765 
96  762 
98  759 
98  755 


93  755 
98  749 
93  74S 
98  743 
98  740 
98  737 
98  734 
98  731 
98  728 
96  725 
ee  72l 
98  716 
98  715 
98  713 
98  709 
&8  706 
93  703 
98  700 
98  691 
98  693 
98  69Q 


Lag.  Sin, 


P.  P- 


8 
10 

20|19 
30  28 
40  38 
60  47 


5.7 
7 

6 
6 
1 
7 


ft7 

'I 


^139 
9,47 


56 

5  5 


6 

7 

6 

9 

18 

26 

.37 

5  47 


•I 


nn 

a:; 

fil 

6 

B,S 

5-5 

6.41 

7 

ft  5 

6   4 

6 

I 

8 

7  4 

7J 

7 

9 

8   3 

8^ 

8 

2 

10 

e.& 

9   1 

8 

1 

20 

18   5 

18.  3 

18 

I 

30 

27.7 

27  5 

27 

2 

40 

37  0 

36.^ 

36 

3 

50 

46-!^ 

45  8 

45 

4 

8-4 

5!l8 
5  28 
§.87 
146 


54 

5-4 


6 

7 

6 

8 
10    - 
2C  17 

m 


5.3 


.^3 

S 

6 

7 

7 

8 
17 
26 
35 
44 


5.S 


6 
7 
7 

Ei7 

5  26 

S  35 
II43 


53 

IS 

6  J 
7 


P  17 
!26  0 
-0-34  B 
7'43  3 


flT 

m 

8    5.1 

u 

7     6  0 

3    8^ 

?:S 

9     7  7 

10    6   6 

3  8 

20 

17  1 

17-0 

30 

25-7 

25  6 

40 

34   3 

34  0 

50 

42  ft 

42  5 

no 

60 

6.7 

7.8 


I8'| 
IS. 5 
tt-6 


18' 
26- 
33- 
43.1 


U 

0.5 

0  8 
l.T 

1  I 
Tu  3 .3 


n 

7 
8 
8 
10 
20 
30 
40 


0-30.5 
0.30.3 
O-4I0J 
0  l'5.4 
0  50- 
100. 
15  1. 
201. 
2-52.1 


?.^. 


lOS** 


^^ 
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TABLE  VII.— LOGARITHMIC  SINES,  COSINES,  TANGENTS, 
AND  COTANGENTS. 


leaf* 


'  Log.  Sin, 


10  I 

11 
12 
13 
.14 
15 
16 
17 
18 
19 


20  J 

21 
22 
23 
24 
25 
26 
27 
28 
.29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 


40 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 


55 
56 
57 
58 
59 


44  034 
44  078 
44  122 
44  166 
44  209 


44  253 
44  297 
44  341 
44  38i 
44  428 


44  472 
44  515 
44  559 
44  602 
44  646 


44  689 
44  73S 
44  776 
44  819 
44  862 


44  905 
44  948 

44  991 

45  03$ 
45  077 
45  120 
45  163 
45  206 
45  249 
45  291 
45  334 
45  377 
45  419 
45  462 
45  504 


45  547 
45  589 
45  63l 
45  674 
45  716 


45  75g 
45  800 
45  842 
45  885 
45  92 


45  969 

46  011 
46  052 
46  094 
46  136 


46  178 
46  220 
46  261 
46303 
46  345 


.46  3R6 
•  46  428 
■  46  469 
.46  511 
19.46  552\ 
Hojg .  46'59i^ 
JLog.  Cos,^ 


Log.  Tan, 


c.d 


46  460 
46  507 
46  554 
46  601 
46  647 


45  749 
45  797 
45  845 
45  892 
45  940 


46  694 
46  741 
46  788 
46  834 
46_8_8l 
46  928 

46  97i 

47  021 
47  067 
47  114 


47  165 
47  207 
47  253 
47  299 
4_7_345 
47  392 
47  438 
47  484 
47  535 
47  576 


47  622 
47  668 
47  714 
47  760 
47  806 
47  851 
47  897 
47  943 

47  98 

48  03 
48  080 
48  12S 
48  171 
48  216 
48  262 
4"8  307 
48  353 
48  398 
48  443 
48  48§ 


9-48  534 


Ji^ 


Cot, 


48 


0-54  255 
0  •  54  203 
054  15 
0.54  10 
0J54  060 
0.54  012 
0-53  965 
053  91^ 
053  87J 
0-53  823 


Log.  Cot, 


Log.  Cos.    d 


9-98  284 
9-98  286 
9.98  277 
9. 98  273 
9. 98  269 


9-98  26< 
9-98  26L 
9-98  258 
9-98  255 
9-98  25l 


9  -  98  247 
9  -  98  24^ 
9 • 98  241 
9-98  23S 
9-98  233 


0.53  301 
0.53  251 
0.53  212 
0-53  161 
0-58  111 


0-53  072 
0  ■  53  025 
0. 52  979 
0-52  932 
0-52  886 


0  •  52  608 
0-52  562 
0-52  516 
0  ■  52  469 
0  •  52  42g 


0-52  37' 
0-52  33: 
0-52  286 
0  •  52  240 
0-52  194 
0.52  148 
0.52  102 
0-52  057 
0-52  011 
0-5]  965 


0-5]  920 
0-51  874 
051  829 
051  785 
0-51  738 
0-51  692 
051  647 
0-51  602 
0-51  556 
0-5l'51I 
0  -  51  466 


9- 98  229 
9 .  98  225 
9. 98  22: 
9-98  211 
9. 98  21 J 


9-98  211 
9. 98  20 
9. 98  20; 
9 .  98  200 
9-98  196 


9-98  192 
9. 98  188 
9-98  185 
9-98  181 
9-98  177 


9-98  17S 
9-98  170 
9. 98  166 
9.98  162 
9-98  158 


9-98  155 
9-98  151 
9-98  147 
9. 98  148 
9-98  140 


9-98  136 
9-98  132 
9-98  12r 
9.98  12^ 
9-98  121 


9-98  082 


9- 98  079 
9. 98  075 
9- 98  071 
9  98  06? 
9^98  063 
i^.^ft059 


^^10 -51  466Va-^ft059l  ^ 
c.  d.lLog.  Tan.VLog.  %\w»\  A> 


P.  P. 


48 

47 

6 

4.8 

4. 

7 

5.6 

5. 

8 

64 

6.j 

8 

72 

7. 

10 

80 

7. 

20 

16. 0 

15. 

80 

24. 0 

23. 

40 

32. 0 

81. 

60 

400 

39.6 

47 

47 

5.5 

6.2 

7. 6 

7  I 

15.8 

23.5 

31. 1 

39.1 


46 

46 

4S 

6 

4.6 

4.5 

7 

54 

U 

8 

62 

9 

70 

6  • 

68 

10 

7.7 

7-6 

20 

15. 5 
23-2 

15. J 

15-1 

30 

23. 0 

22.? 

40 

31. 0 

30.6 

30.3 

50 

38. 7 

38.3 

37.9 

46 

\\ 

::? 

7.5 
15-0 
22.6 
80.0 
87.5 


6 

7 

8 

9 

10 

20 

30 

40 

50 


3 

03 

SI 

05 
0.6 

2.1 
29 


\'\ 


tt: 


1* 


ir 


TABLE  VII.— r£»GARITHMlC  SINES,  COSINES,  TANGENTS, 
AND  COTANGENTS. 


162* 


Ug.  SbJ  d. 


Ug,  Tan*  Cidh  log^-  Cot.  Lo|?.  Cos 


P.  P, 


O 

1 

a 

8 
5 

e 

7 

a 

J. 

10 

11 

12 

13 
14 


50  9 

SI 
G2 
63 
64 

e5 

56 
57 

59 

m 


46  &95|  .y 

4a  ess!  ji 

46  717   *} 
46  755   *^ 


46  88!   J} 

46  922    Jl 

4BB6g!  *^ 

47  004  f I 
47  04?!  Ji 
47  086:  ti 
47  127  *" 
47  16B;  *i 
47  20S  *^ 
47  343'  f; 
47  2flO|  JA 
47  330  *S 
47  3711  *2 


47  4111  JH 
47  452  J2 
47  49^  iS 
47  533'  S 
47573    ^^ 


4H  7]^^ 
48  BO^ 
46  84'^ 
4B  SET    na 
46  92^1  II 

48  99 a i  ^^ 


4e  534 
48  579 
48  624 
48  6fl§ 
46  714 
48  751 
46  B04 
46  64e 

48  B94 
46  93a 
48984 

49  02S 
49  073 
49  111 
49  162 
49  20? 
49  2b2 
49  29b 
49  341 
49  ^Bl 


49  430 
49  47l 
49  516 

49  563 

4njo7 

49  esl 

49  695 

49  740 

49  784 

4J  82B 

49  8721  if 
43  91^144 

49  961 

50  004 
9 .  50  0481 

44 
44 
43 


44 

i45 
44 


9-50  092 
9  50  136 

50  173.  22 
9  50  22171 


9  51  04 H  Ji 
9-51  09T'  I^ 


Uc;>  Co?J  d. 


51  Ul 


43 


50  570 
50  521 
50  461 
50  437 
50  335 
50  34§ 
5C304 
50  260 
50  216 
50  172 


50  128 
50  063 
50  039 
49  99E 
49  95'J 


49  90B 
49  864' 
49  930 
49  776 
49  733 


49  689 
49  645 
49  602 
49  556 
49  514 

49  471 
49  427 
49  364 
49  340 
49295 


49  254 
49  210 
49  167 

49  124 
49  081 


Log*  Cot.  c*d, 


49  031 
48  994 
48  951 
48  90^ 
4«_p5 
4883^ 
Ugf  Tan, 


96  U59 
98  056 
96  052 
9S04S 

98  044 

99  040 
98  031? 
98  032 
98  02fi 

96  023 
98  021 
98  017 
98  013 
93  009 
98  0051 
98  oof 

97  997 
97  Rfl; 
97  0BL 
97  96S 


97  961 
97  977 
97  973 
97  965 
97  966 
97  662 
97  958 
97  954 
97  950 
_97_S46 
97  942 
97  936 
97  934 
97  930 
97  926 
97  922 
97  91S 
97  914 
97  910 
97  P06 


97  902 
97  696 
97  694 
97  890 
97  886 
97  8Bl 
97  877 
97  87^ 
97  609 
97  6^5 
97  881 
97  85' 
97e5L 
97  84S 
97J84_5 
97  641 
97  637 
97  833 
97  ^29 
9^7  824 
97  820 


lor* 


Log.  S^n. 
5^ 


6 

7 

8 

9 

10 
2015 
30:22 


4S 

4-S 
5-3 
6  0 

7^ 


4S 

4 


4030  J30 
50I37  9i37 


014 

5)29 
0^29 
5;S7 


44 
4i 

5 
5 
6 
7 


44 


illi 

7\  6  6 
4    7  3 

|i4.g 
a;22-o 

0|39  I 

i'36  e 


4:* 

4.^ 

5 

1 

5 

8 

6 

n 

7 

% 

14 

5 

21 

i 

29 

9 

36 

i 

4.1 

4.3 
5  0 

i\ 

14-3 
21  5 

35-1 


It 

6  4.1 

7  4-§ 

8  5.^ 

9  6-2 
lOj  59 
2013,813 
30  20  f  20 
40  276  27 
50  34  6  34 


4.0, 
4.7 
5-4! 
6-11 

13-5  13 
20  3  20 
27  0  26   _ 
33  7  33  3 


4ft 

4  0 

tl 

0 
-9 
-3 

0 


3il 

3  3 

4  6' 
5-3 

5  9 

13 


3fft 

3  9 

4  E 


13 
30  19   ?  19 

40126^5  26 
5OI32  9  32 


5 
I 

a 
4 


8 

7 

8 

9 
10 
20 
30 

40:3 


1      4     fS 

0  4[0  49  S 
5  0  4  0 

60  Ed 

70  60 
?  0  6  0 

-5i.ai 
.5'2-fi] 


6O13  7:3  3  2 
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TABLE  VII.— LOGARITHMIC  SINES,  COSINES.  TANGENTS. 
AND  COTANGENTS. 


15fi 


O 

1 

2 

3 

jt 

b 

e 

7 

a 

10 

11 

12 
13 
1* 
15 
16 
17 
18 
19 


Logf  SlnJ  d*  Log.  Ta/t*  c,  d^jLogx  CdUU^,  Cos 


2U 

Zl 
22 
23 
24 
25 
26 
27 
2« 
29 
30 
51 
32 
33 
54 
55 
3Q 
57 
3» 
59 


411 

41 
42 
43 
44 


45 

45 
47 
48 
41. 
AO 
SI 
62 
S3 
54 
65 
66 
67 
55 
69 
60 


55  433;,^ 

55  46B  ii 

56  531,  a 
56  5631  ^t 

3^ 


55  597 
55  630 
55  6dS 
55  69? 
55725 


55  76B 
55  793 
55  S26 

55  a5g 

55  5Q1 


55  923 

55  95R 
55  9S3  ^r> 

55  02C  U 

56  rt!^^  ^f 

32 
32 


56  085 
56  115 
56  150  ^^ 


56  182 
56  211 


56  247 
56  279 
56311 
56  341 

55  375 

56  407 


55  43?Sl  ii 

58  471  1^ 
55  50^1  ^^ 
55  5351 


56  567 
56  53§ 

5e  6511 
56  633 

5661^1 


56  7271 

56  755 

e.56  79fll 

9   S6  122 

fi  56  554 


55  IBS 

56  917 
55  949 

9   5g  9S0 
9   67  012 


67  045 
9  57  075 

0.67  106 

57  139 

57je9 

_    67  201 

9  67  23!? 

9- 57  265 

9   57  295 

67L32S 

5?  35? 


Log.  Cos. 


59  168 
9-59  205 

59  242' 
959  260 

59JilJ 
9  59  354 
9  59  39l 
9  59  425 
&.59  455 
9-50  fin^l 


58  4l7| 
9.5B  451 
9  5S4&3I 
9   58  531    ^1 
9   58  5Bfl    "*' 

9^8  soe  11 

9  58  644'  t% 
9  5B  6BT|  U 
9  59  719  i» 
9.  58  755  ^L 
37 
37 


55  1° 

37  '" 


9  58  7&4 
9-58  831 
9  55  869 
9  58  SOS 
9  -_55  944 
5  59  931 
5^019 
3-59  056 
9  59  095 
g  59  •■T' 


n^l  37 


59  540, 
59  577 
59  914 
59  651 
59_fllfl 
59  724, 
59  76l 
59  79| 
59  835 
59  972 1 


•  59  909 1 

59  949 
69  991 

60  019: 
eo  05j 

9rfl0'o93 

60  129 

9   60  lOl 

9   GO  203 

60  33S 

9   60  276 

9^60  312 

60  34S 

9   60  386 

9  •  60_423 

9  60  45§ 

60  49  S 

60  53 1 

9   60  563 

9   60  60li 

BO  641 


37 
37 
37 
37 
37 
35 
37 
57 
37 

3e 

57 
37 
35 
37 
36 
37 

57 
33 

3?1 

3r 

34! 
37 
3(1 

3i! 
3Fi 

36  I 

56 

36 

38 
36 


41  552  9 
41  544  9 
41  507k 
41  469^ 

41  431  9 
9 

9 


41394 
41  356 
41  511 
41  281 
41  24^ 


Ld^.  CotJc^d, 


41  206 
41  16 
41  13_ 
41  093 
41  056 
41  016 
40  951 
40  944 
40  906 
40  R^^ 


40  532 
40  794 
40  757 
40  730 
40  6B3 


40  645 
40  605 
40  571 
40  534 
40  497 
40  450 
40  423 
40  386 
40  349 
40  312 


40  275 
40  23S 
40  201 
40  IB^ 

40  l^fi 


40  091 
40  054 

40  on  , 

39  983  9 
39  944 


39  907 

39  870 

35  83? 
59  7^7 

39  763 

36  724 
3B  687 
39  550 

39  5M 
09  577 
29  541 
.^9  50? 
59  468 
33  43^  _ 
^9  39S9 


,  v.. 


■  97  015 
97  015 
97  OOS 
97  OOO 
96  B95 
99  991 
96  956 

95  981 

96  976 
96J7J 

95  966 
05  961 

96  956 
96  952 
96  947 


96  942 
96  937 
96  932 
96  92J 
flfi  a-JT 


96  9-^7 

se  912 

-96  90? 
96  905 
96  J9J 
96  89f 
96  59^ 
.96  882 
•  96  877 
9  66  7  3 

"96  fl^iS 
96  8G3 
96  558 
96  555 
96  848 


96  843 
96  838 

36  853 
&&  82B 

9B  P23 


96  8IB 
96  813 
96  80H 

96  802 
96  797 
96  79'^ 
96  787 
96  7^? 
09  777 
96  772 

95  7fi7 

96  763 
96  757j 
95  762 
95  747 


96  742 
96  737 
96  732 

96  727 
90  721 

96  7lfJ 


"g.  Sin, I  d, 


P,  P. 


3ft 

:if 

ni 

6 

3-8 

3  7 

3  7 

7 

ti 

4  4 

4 

a 

60 

4 

5 

5  7 

S-fi 

5. 

10 

5  9 

5-d 

fl. 

2G 

12-6 

12.^ 

12- 

30 

190 

15  7 

is.fl 

4D 

25.  a 

25. C 

24.  g 

50 

31.fi 

31-2 

30.  B 

3  5 

4  3 
4  3 
5.5 
6  1 

12  I 
15  2 
4 


50f30.4'30 


3d 

3  a 

4 

4 

5 

5 
12 
18 
24 


33 

3? 

tl2 

R 

3  3 

3.2 

^2 

5 

3^ 

3  5 

Z  1 
A  7 

7 

44 

4  3 

9 

4-3 

4.9 

4  S 

10 

5   5 

iSi 

B^fl 

20 

n  0 

10. fl 

30 

16  5 

15. a 

16. n 

40 

220 

21-6 

21-S 

50 

27  5 

27. 1 

26  B 

31 

6 

3  1 

7 

3   7 

5 

4^2 

5 
10 

11 

20 

10.5 

30 

15-7 

40 

2ro 

50 

25.2 

31 

3  1 

3  6 

4  1 

If 

ID  3 

15-5 
20  B 
25.  § 


0 

0 

0 

0 
10  0 
20  1 
30  2 

403  ,,  -  ,, 
504-64-1)3. 


I 

O-fl 

r-7 

.07 

22-52.3 

0:3-Sl3^Q 


P.  ?. 


Ill" 


5b7 


22"" 
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15 


Log.  Sin. 


d.  Log.  Tan.  c.  d 


Log.  Cot.  Log.  Cos.    d. 


P.P. 


5 
6 
7 
8 

10 

11 
12 
13 
14 
15 
16 
17 
18 
10 


20 

21 
22 
23 
24 


25 
26 
27 
28 
29 
30 
81 
32 
33 
34 


40 

41 
42 
43 
1-* 
45 
46 
47 
48 
4_9 
50 
51 
52 
53 
54 
55 
56 
57 
58 
5ff, 


57  357 
57  389 
57  420 
57  451 
482 


57 


57  515 
57  544 
57  576 
57  607 
57  638 


57  669 
57  700 
57  731 
57  762 
57795 


57  823 
57  85i 
57  88S 
57  916 
57  947 


57  977 

58  008 
58  039 
58  070 
58  100 


58  131 
58  16; 
58  19: 
58  22 
58  25 


58  284 
58  314 
58  345 
58  37S 
58  406 


58  436 
58  466 
58  497 
58  527 
58  55? 


58  587 
58  618 
58  648 
58  678 
58  708 
58  738 
58  769 
58  799 
58  829 
58  859 
58  889 
58  919 
58  949 

58  979 

59  009 
59  038 
59  068 
59  098 
59  128 


9.  59  158 


ffO/P   ^9  IflSj 


29f   11 

.397  \l 
433  11 
468  II 
505:  35 
5391  ?? 

60§  II 

64?;  II 

^ 785'  ^^ 

fLog7cos.l~SrlLog.  Cot  \c76, 


64: 

677 

715 

750 

788 

82S 

859 

895 

931 

967 

00; 

03' 

076 

112 

148 

184 

220 

256 

292 

328 

364 

400 

436 

47: 

50' 


61 
61 
61 
61 
M. 
61 
61 
61 
62 

62 
62 
62 
62 
62 
62 
62 
62 
62 
62 
62 
62 
62 
62 
62 
62 
62 
62 
62 

e'? 

9.82 


54; 
571 
615 
651 
686 
725 
758 
794 
828 
865 
90i 
936 
972 
007 
0A8 

078 

114 

148 

18 

221 


.89  85( 
■  39  32 

•  89  281 

•  89  250 

•  39  218 


89  177 

•  89  141 

•  89  105 
89  061 

•  39  03! 


•  88  991 

•  38  96( 
38  924 
38  888 

■  38  852 


•  38  816 
38  780 

•  38  744 
38  708 

•  38  672 


Tb  5 


■  38  636 
•  38  600 

■  38  564 

■  38  528 
38  492 


■  38  458 

■  38  420 

■  38  385 

■  38  341 
38  31! 


•  96! 


38  27? 

•  38  242 

•  38  206 

•  38  170 
■  38  135 


■  38  099 

■  38  06S 

■  38  028 
.37995 

■  37  957 


■  96! 


■  37  921 

•  37  886 

•  37  850 

•  37  815 

•  37  778 


0-37  744 
0-37  708 
0  37  67r 
0  37  63' 
0^7_60: 
037  56' 
0  37  531 
037  496 
0^37  461 
0__3_7_42e 
037  390 
037  355 
0. 37  320 
0-37  285 
037  250 
0  37  21~5 


•  96^ 


9  96^ 


Log.  TanA 


3S 

3  ' 

4 

4 

5 

6 
12 
18 
24 
SO 


35 


4 
4 
5 
5 
11 
3017 
40  23 
50.29 


81 


36 

86 

4-2 

48 

5.4 

60 

120 

180 

240 

30. 0 


35 

3.5 

4 

4 

5 

5 
11 
17 
23 
29 


31 

81 

S.fi 

4 

4 

5 
10 
15 
20 
25 


6!   8 

10'  5 
20  10 
80  15 
40  20 
5025 


30 

30 

3.5 

40 

4.5 

5.0 

10. 0 

15. 0 

20. 0 

25. 0 


29 

2 

8 

3 

4 

4 

9 
14 
19 
24 


S 

o'5'o 

0.7i0 
080 
0.9iO 
1.81 
2.72 


6 

7 

8 

9 
10 
20 
30 

40 

50l4-6i4 


5 

;o.5 


TTT 


11" 


508 
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TABLE  VII.— LOGARITHMIC  SINES,  COSINES.  TANGENTS. 
AND  COTANGENTS. 


15J 


Log.  Sin.  d.  Log.  Tan. 


61016 
61041 


81073 
6110 
.61121 
.6115' 
.61186 


•  81214 
81242 
.81270 
■  81291 
.61321 


6152: 
■  61550 
81578 
61  806 


■  81772 

■  61800 

■  81828 

■  6185 

■  6188 


■  61911 

■  81938 

■  81966 

■  61994 

■  82  021 


■  82  049 

■  62  076 

■  62  104 
62  131 
62  15S 


■  82  186 

■  82  21S 

•  62  241 

■  82  268 

•  62  295 


■  62  323 

■  62  350 

■  62  377 

•  62  404 
62  432 

■  62  459 
.62  48r 

•  62  51; 

■  62  54i 
62  56' 


■  64  858 

■  64  89S 

■  64  926 

■  64  960 

■  64  994 


■  65  028 

■  85  062 

■  65  096 

■  85  12" 

■  65  16; 


.65  191 
.65  231 
.65  265 
.65  299 
.65  332 


.65  366 
85  400 
.65  43§ 

■  65  487 

■  65  501 


■  65  535 

■  65  566 

■  65  802 
65  63S 

■  65  669 

■  65  703 

■  65  736 
65  770 
65  803 
65  837 


.65  870 
■  65  904 
65  937 
85  971 
88  004 


■  66  037 

■  68  071 

■  68  104 

■  86  137 

■  66  171 


■  66  20i 

■  68  237 

■  88  271 

■  66  304 

■  66  337 


•  66  370 

■  66  404 

■  66  437 

■  68  470 

■  66  503 


■  66  536 
•  66  570 

■  66  603 


•  66  702 

■  66  735 
66  768 

■  66  801 

•  66  83i 


035  14! 
035  10' 
0.35  07i 
0-35  040 
0- 35  006 


0^  34  972 
0^  34  938 
0^  34  904 
0^  34  870 
0.34  836 
0. 34  802 
0. 34  769 
0.34  735 
0.34  701 
0. 34  667 


Log.  Cot.  Log.  Cos.    d 


0. 34  833 
0. 34  600 
0.34  58r 
0.34  531 
0 .  84  499 


0.34  465 
0.34  431 
0. 34  398 
0.34  364 
0-34  331 


034  29' 
034  26! 
0. 34  230 
0.34  196 
0. 34  183 


0^  34  126 
0.34  091 
034  08: 
0. 34  029 
0. 33  998 


0. 33  962 
0. 33  929 
033  89r 
033  88! 
0. 33  829 


033  791 
033  76! 
033  729 
0.33  696 
0.33  662 
0.33  626 
0.33  596 
033  56! 
0.33  52! 
0.33  49i 


Log,  Tan, 


96  07! 
96  08 
96  062 
96  051 
96_q5i 
98  045 
98  03! 
96  03i 
96  028 
96022 
98  016 
96  011 
96  005 
95  996 
95  994 
95  981 
95  98: 
95  977 
95  97: 
95  96! 


95  956 
95  954 
95  94r 
95  94! 
95  937 


95  93 
95  92 
95  919 
95  914 
95  908 


95  902 
95  896 
95  891 
95  885 
95  879 


95  87: 
95  86' 
95  862 
95  856 
95  850 


95  841 
95  836 
95  833 
95  827 

9G82I 


95  811 
95  80! 
95  804 
95  798 
95  792 
95  786 
95  780 
95  77i 
95  768 
95  763 


114'' 


95  757 
95  751 
95  745 
95  736 
95  733 
9-95  727 


570 


P.  P. 


34 

as 

6 

8.4 

3.3 

7 

39 

3.9 

8 

4.6 

4.4 

9 

5.1 

5.0 

10 

5.6 

5.6 
11. 1 

20 

11.3 

30 

17.0 

16-1 
22.3 

40 

22.6 

50 

28. ^ 

27. 9 

33 

1:1 

4.4 
4.6 
55 
11. 0 
16.5 
22.0 
27. 5 


28 

81  2.8 

7    3 

3 

8 

3 

8 

9 

4 

3 

10 

4 

7 

20 

9 

5 

30 

14 

2 

40 

19 

? 

50 

28 

28 

U 

3.7 

42 

46 

9-3 

14. 0 

18. 6 

23. 3 


27      27 


2 

7 

2- 

3 

2 

3- 

3 

6 

3- 

4 

1 

4- 

4 

6 

4- 

9 

1 

9. 

13 

^ 

13- 

18 

3 

18^ 

22 

9 

22  ■ 

ttf: 


85" 
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154 


'    Log,  Sin,;  d>   log.  Tmlc  d.|Log.  Cctt 


a 

1 

2 

s 

5 

e 

7 

8 
_9 
lO 

u 

13 
13 
14 

15 
16 
17 
18 
19 

20 

31 
21 
23 
24 

35 
26 
37 
38 
29 
36 
31 
82 

as 

3* 
35 
36 
37 
38 
30 


4*> 
41 
42 
43 
44 
45 
4S 
47 
4& 

ao 

61 
52 
63 
5* 
5F5 
5fi 
57 
6« 
5* 


%2  595 
62  622 
62  B4»' 
62  676. 

ea  730 
■  fiS757l 
93  ?84 
62  611, 
1)2  B36. 
62  664, 

62  6ai' 

&2Bli 

62  945 

62  912 

9  62  999 

9  63  035 
9^6aOG2' 
9  fi3  D79 
9  ea  106. 


63  133 

6^  l&g' 

63  lag 

63  212, 
63  239, 


63  2B6 

63  2921 
63  S19, 

63  345 1 

63372 


63  39B| 

63  425 
63  451 
63  476 
63J04 

63  53C 
63  557 
63  ^83 
63  gDU 
fi3  Pi  36 


63  662 
63  66l 
63  715 
63  741 

63  767 


63  7951 

63  BI9 
63  34fi' 
63  672' 
63  396] 
63  S24 
63  95| 

63  97n 

64  00? 
64  02  B 
64  054 
64  08^ 
64  106 
64  132 
fl4_l5| 

S4IS4i 


66  B67 
66  BOO, 
66  933i 
66S66, 

66  999! 

•  67  032 

■  ti7  065 
•67  0B7 

67  L30 
67  163 
67  196 
67  229 

•  67  262 

•  67  294 
67  327 
67  300 

■  67  393 
•67  426 

67  458 
67  491 


67  52^ 
67  55fi 
67  589 
67  621 
67  654 
67  687 
67  71^ 
67  752 
67  784 
67  817| 
67  845l 
67  882: 
67  OU 
67  947 

67  979 
6B  012 
63  044 
6B  077 

68  109 
f^n  UT 


■j-(l 


68  174 
68  2  OS 
68  23g 
68  271 
68  303 
63  33^ 
68  36B 
68  400 
68  435 
63  46_4 
68  497 
68  529 
6B  561 
68  5o: 
68  62^ 
68  65? 
68  690 
68  722 
68  754 
68  786 

Basin, 


tog,  €as,j  tfn  flog'Cotjc, d. 


0  33  132 
!0^33  100 
0  33  067 
0  33  034 
0  33  001 
032  968 
iO  33  9i5 
:0  32  902 
10  33  &(A 
0  32  83(> 
0 '  32  80^ 
|0  33  771 
|0-32  736 
0. 52  705 
0^32  ,672 
'0'32  640 
;0  32  607 
0-32  573 
0-32  641 
0  32  SOB 


j0^32  47U 
'0^S2  44a 
|0  32  411 
|0^32  376 
■  0  32  345 

16  32  313 
10  32  285 
]0.32  24B 
t0.32  2l5 

;o_-_a2  1 

5D 


63 

32  118 
32  06S 
32  05: 
32  02i 


0  31986 

0^81  ^55 
0  31  923 
0  31  891 

O^Sl  B  " 


0  31  B2F 

0^31  793 

0-31  76T 

31  729 

31  698 

31  663 
31  632 
31  600 


31  56| 
31  535 


31  503 
81  471 
31  439 
31  406 
31  374 


Loif»  Cos. I  d, 


95  727; 
95  72l. 
95  716 
h^  7J0 
3&  704 


692 
686 
680 

673 
66 1 

6G2 
65(j 
655 
64i 

638 

63  g 

627 

621 

615 

609 

603 

597 

591 

535 

579 

573 

567 

561 

555 

549 

543 

537 

63r 

62^ 

519 

513 

6O1 

60i 

49; 

489 

483 

476 

470 

464 

458 

452 

445 

43^ 

43B 

42 

42 

415 

409 

403 


IIJ* 


95  397 
95  391' 
95  38  _ 
95  37S 
95  372 
9 .  9li  5U\ 


571 


p.  P. 


61 
71 

6; 
9 

IC 


3S 

3  3 
a  8 

4  4 

4  9 


3. J 

3 

4 

4 

5 


20  11   0  10 
3C  16  516 

4G'22^021 
50,27  527 


32 

3  2 

3 

4 

4 

5 
10 
16 
21 
26 


37 

4^i 
4- 
R. 
li- 
lt. 


60 1 32 


6 
7 

a 

6 
10 
20 


3 
3 
4 
4 

8 


36 

2  61 


30,? 3  _ 
40,17  6]17 
50>22.ll2L 


I;  !:l 

0  12-7 
SilT.O 
Sl21-5 


6     <l     B 


6^0rg|0'6 


5  07 
.80  8 


¥i 


0 

0     , 
l^OD-S 


7 
8 

I 

33  02-7 
SI4  0  3.S 
4i5  0.4-6 


oil- 


Wriz^i- 
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TABLE  VIL— LOGARITHMIC  SINES,  COSINES.  TANQENTB, 
AND  COTANGENTS. 


1< 


Ug^  Stn> 


O 

1 
2 
3 

S 

e 

7 

e 
11 

12 
13 
li 
lb 
IB 
17 
ja 
1& 


log,  ran.jCpri^  Log*  Coti  Log.  Co^ 


19 .  ag  ^97 

Bfl  319 

_   6Q  940 

9  63  96^ 

9  70  006 
i-7Q02e 
I.70O60 
B,70D7i 
9-70  053 


9  70  115 
9. 70  137 
9-701^1 

9  70iao 

9-70202 

a  70  223 
9  70  245 
9  70  267 
9  70  283 
9   70  310 


2i^ 

21 
22 
33 
24 
25 
26 
27 
28 
29 

ao 

SI 
32 
33 
34 
36 
36 
37 
33 
39 


40 

41 
4S 
43 
44 
4S 
4Q 
47 
48 
49 

51 
62 
53 
5.4 
55 
56 
S7 
58 
59 


&-7a33l 
9.70  353 
9  70  375 
9  70  398 
9  70  418 
9  70  439 
9-70  4Qi 
9  70  4a5 
9  70  504 
9.70  553 
9  70  547 
9  70  56B 
9  70  590 

9  70  eii 

9  70  63B 
9  70  654 
©70  675 
9  70  6»5 
9  70  718 
9,70  735 


9 .70  765 
"  70  782 
9.70  803 
9  7DS2I 
9  70  B46 
9  70  667 
9. 70  888 
9  70  909 
9  70  BSQ 
9_70  &52 
9  70  873 
9  70  994 
9  71  Oil 
9  7l03e 
9 .  71  057 


9  7107| 
9  71091 
9.71  121 
9-71  142 
/g  71  163 
UPhr  71  184. 


9  76  144 
9 .  7fi  173 
9.76  202 
76  231 
a  76  260 


9  76  239 
76  319 
9  76  348 
9.76  377 
9  76  JOB 


9-76  435 
9  76  461 
9-76  49" 
9. 76  52; 
9  76  55 


9-76  53G 

&.76eof 

9 .  76  631 
9  76  66' 

9  76  69J 


9-76  72^ 
9  76  754 
9  76  783 
9  76  815 
9  75  84J 
9  75  87(5 
9-7Si  899 
9.76  Q2B 
9  76  957 
9  76  9B6 


977  015 
:  77  04| 
9  77  072 
9   77  10^ 

"  77_130 
9  77  159 
9. 77  188 
9  7?  217 
9  77  245 
9-77  271 


9.77  305 
77  332 
9  77  361 
77  389 
9  77  413 
9  77  447 
9  77  476 
9  -  77  BOi 
9. 77  535 
9  •  77_6^ 
9  -  77  591 
9  77  fil§ 
9.77  648 
9  77  677 
-77  705 
0. 77  734 
9. 77  763 
9-77  791 
9-77  820 
9-77  849 


W .  71  1 S4  _^^j  fl^ 7J  H 7 ?   ^^    0  27.  lljj  9  ■  &4^ 
l0g.  €os.j  d,  jUg,  Cot  cTdT'loE.  Tan>\U^"' 


33  656 
23  827 
23  79? 

23  76B 
23  739 

23  7l0 
23  «81 
23  652! 
23  623 
^3_594 

23  665 
23  53  & 
23  506 
23  477 
_23_44S 
23  419 
23  399 
23  361 
23  332 
23  303 


93  753 
93  746 
93  73& 

93  731 
J3_724 

93  7l£ 
93  709 
93  702 

.93  691 
■  63  5B7 


9-93  680 
9  93  672 
9  93  665 
9  93  fl58 
p.  93  65C 


9  93  643 
9.93  631 
9.93  623 

U.93  621 
9-93  613 


23  274  9.93  606 


23  2^5 
23  216 
33  IB' 
23  1Si 


9  93  5e9 
,9  93  591 
9.93  5B4 
9  93  57S 


23  129 
23  101 
23  072 
23  043 
23014 


22  985 
22  95^ 
22  927 
22  99B 

22  369 
22  341 
22  612 
22  783 
22  754 
22  725 


9  93  669 

9  93  562 

9-93  554 

9  93  547 

9_93  539 

03  533 

93  624 

93  517 

.93  509 

93  _&0^ 

93  'S95 

93  487 

93  4B0 

93  372 

93  465 


22  6S^ 
22  668 
22  63 

22  61_ 

23  5Bl 


22  553 
22  624 
22  491 

22  46B 

23  436 


22  401 

23  3BI 
22  352 
22  33 
22_29: 
22  266 
22  237 
22  201* 
22  180 
22  151 


93  457 
93  450 
93  443 
93  435 

93  437 


03  420 
93  415 
-93  405 
93  397 
93  390 
.93  3B2 
93  371 
.93  367 
•  93  3&3 
93  3 
.93  34I 
-93  337 
.93  329 
93  331 
93  314 
"93  30B 


P,  P. 


60 
59 
58 
57 

_5_S 
55 
54 
53 
52 
61_ 
50 
49 
4B 
47 
46 
45 
44 
43 
42 
41_ 
10 
39 
36 
37 
^ 

35 
34 
33 
32 
11 

29 
28 

37 
36 
36 
24 
23 
32 
_21_ 
2ii 
19 
IB 
17 

13. 

15 

14 

13 

12 
11 


2S 

29 

6 

2.9 

29 

7 

8  4 

8 

3 .9 

3. 

9 

4.4 

4-: 

10 

4. 

20 

9.'; 

30 

14.7 

14.^ 

40 

19.fi 

19  3 

50 

24-6 

21-1 

3  a 

3-S 

ill 

19  [ 
123.1 


30|11 
40  14 
5O1I8 


14  §1144 

d!i7.i 


8 

eio  fl 
all  5 

9jl.2 
10  1-3 
30' 3 


304 
40^5 
501 6 


7107 


0 
0 
10 
1. 

1^ 

2- 
3- 


ITT 


\u^.  ^w.\ 
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ABLE  VII.— LOGARITHMIC  SINES.  COSINES.  TANGENTS. 

AND  COTANGENTS. 


148° 


Sin.   d^  Lag.  Tan.  e.d, 


fi43 
e§4 


Of 
34 


78  04D    SS 
73  07?    ii 

2B 


VB  732 
,  ?a  760 

7S78§ 
■  76  B17 

7B  B45 


78  B73 
■  78  902 
-  75  93D 
-7fl  §56 

.78  9fi7 


.79  015 
■  va  D4S 
,79  071 
79  IQO 
-7a  128 


79  15B 
■  79  ISi 

79  213 
.79  241153 
,  7fl  gfJBl    Z 


.79  29?! 


2^ 


7B  3SS,  II 
-79  354I  :;S 

79  382 
-79  410 

79  43g 
•  79  4flB 

79  494   ^ji 

79  B3^J  ,5 

28 


Log*  Cotp  c.  di 


Log*  CGt, 


22  122 
22  094 

22  oas 

22  037 
22  008 

21979 
21  951 
2192S 
21  99^ 
21  B6I 
21  837 
21  808 
21  780 
21  751 
21  723 


21  e94 
21  eoe 

21  637 

21  609 
21  5BQ 


21  55: 
21  52; 
21  49S 
21  46 
21  43i 


21  410 
21  8«I 
21  8E3 
21  S2S 
31  29B 


21  268 

21  231 
21  211 
21  1B3 
2.1.  J  ^' 
21  126 
21  098 
21  070 
21  04I 
,2.1  073 


20  9S5 
20  9!>e 
20  921 
20  900 
20  872 
20  84^ 
2O8IS 
20  787 
20  7&9| 
20  731 
20  70^ 
20  fi7| 
20  6415 
20  618 
20  590 
20.56T 
20  63^ 
20  505 
20  477 
20  449 

2041 


log.  Tan. 


Log.  C(>s.  d 


93  30S 
93  299 
93  291 
93  284 
93  376 

93  26i 
9S  261 
93  26| 
93  245 
93  238 
93£3fi 
93  223 
93  2Lf> 
93  20? 
9^200 
93  192 
93  18l 
93  177 
93  169 
93  161 


93  163 
93  U§ 
93  131 
93  131 
93123 
93  115 
93  107 
93  100 
93  092 
93  08  j 
93  07B 
93  DB9 
93  06^, 
93  DSf 


93  041 


93  038 

93  030 
93  022 

93  Oil 

93  ooe 


92  991 
92  9B3I 

92  975 
^3_987| 

93  980 
92  952 
82  944 
92  936 

92  92QI 
92  9131 
92  905 
92  88 
92  8&< 
92  8Bl 
92  873 
92  se5 
92  858 
92  B50 
92  342 


Log.  Sln,(  d 
577 


P.  P. 


189 

2n 

6 

2.9 

n 

7 

3. 

S 

3, 

4. 

3.fl 

8 

4  3 

10 

4 

9- 

i1 

20 

9  5 

30 

14, 

14.S 

40 

19. i 

19  0 

SO 

24, 

23-1? 

2S 


21 

2n 

0 

u 

2.D 

7 

i1 

0 

u 

g 

3  1 

10 

3.e 

3. 

20 

7-0 

6, 
10^ 

30 

10-5 

40 

14  0 

13, 

so 

17-6 

17- 

180 

3- 
2. 

g! 

10^ 
13. 

la. 


0^7 

0-e 
10 

i:J 
U 


t:^ 


32° 


TABLE  VII.— LOGARITHMIC  SINES,  CX)SINES.  TANGENTS. 

AND  COTANGENTB. 


i4r 


lo%*  Sini 


U 

1 

3 

_i 
& 
6 
7 
8 

JO 
11 
12 
13 
1^ 
15 
16 
17 
18 
19 


2i} 
21 
S2 
23 
24 
25 
2fl 
27 
38 
29 
^O 
31 
33 
33 
Si 
3S 

se 

37 
3H 
^ 

41 
42 
43 
^4 
40 
43 
f.l 

CI 

&'■ 

!V3 
54 
P' 
5" 
S7 
5fi 


73  421 
72  441 
.2  4«I 
72  43! 
72  501 
72  522 
72  542 
72  5fi2 

72  58S 

73  flpg 

72  62^ 
72  642 
72  662 
72  G82 
7^70§ 
72  723 
72  743 
72  763 
72  733 
72  a02 


72  B22 
72  843 
72  H62 
72  682 
72  902 
72  B22 
72  942 
72  362 

72  982 

73  002 
73  021 
73  041 
73  061 
73  081 
7a  101 


73  317 
73  S3'? 
73  357 
73  376 
73.3^6 
73  415 
73  4||i 
73  465 
73  473 
73  494 
73  51? 
73  533 
73  552 
73  572 
73  53 1 


9  80  1301  %l 
a  80  16?|  ^l 

3  -  eo  \M  i^ 

9  e0  23S  ii 
9  iO  25l  "^^ 


m:h.  73  3111 

/log,  €gs,j 


Log.  Tan.  c«  d 


9. 79  579 
9  79  607 
9  79  635 
9  79  663 
9. 79  891 
9-79  71& 
9  79  74? 
9-79  775 
9  79  iO| 
9  79  831 
9.79  859 
a  79  8371 
9  79  915 
9  79  943 
9  79  97i 
9  79  999 
9  80  02? 
9-80  055 
9.  GO  06^ 
9  80  111 


9  80  370 
9  80  307 

8  80  335 

9  60  383 
9  80J91 

9  80  411 
9  80  440 
9  80  47^ 

9  80  502 
9  80  530 

80  558 

9  BQ  536 

80  61^ 

BO  G41 


80  697 
80  725 
10  75^ 
iO  785 

an  noR 


.  90  833 
9 .  80  864 
9,80  891 

\t   9.80  919 
^^  "  80  947 
BO  975 
81  002 
_  81  030 
9  81  05B 
9_81_0BS 
9-81  \\i^  II 


Lagr  Cot»  Log.  Cos. 


0  20  421 

0  20  393 

0-30365 
0.30  337 
10  20  308 
0  20  28& 

:0  20  252 
0  20  224 

020  196 
0  20  168 
id  20]4ii 

0.20  111 

,0.20  084 

'020  056 

20  028 


81  141 
61  168 
81  196 
81224 
^p  81  25 1 

rf.  flog.  Cot 


e*d. 


0  20  000 
0  19  972 
0  19  941 

019  916 
0  19  836 


19  860 
ia83:_ 

19  8Q4 
19  111 
IS  74 E 

.19  721  9 


19  693 
19  665 
19  637  9 

19  JO  9: 

0  19  sal 

0.19  5B2 
0  19  52! 
0  19  49? 
|0- 19_470 
0  18  442 
0  19  414 
0  19  361^ 
0  19  35P 
0  19  ^%f^ 


3  9  303 
19  275 
19  247 
19  21?S 
19  191 
19  f64 
19  3  3R 
19  lOP 
19  06C 
19  053 
19  025 
IB  997 

15  970 

18  942 
IB  9li 
1  8  686 

19  359 
18  831 
18  80!^ 

16  776 


167461 


Lo^i  Tan  I 


92  642 

93  934 

92  836 

93  3li 
92  810 
92  80^ 
92  794 
92  78fi 
92  778 
92  771 
92  763 
92  755 
92  747 
92  739 
92  731 
92  723 
02  715 
92  707 
92  6B9 
92  691 


92  663 
92  675 

92  667 
92  659 
92  651 


93  643 
92  635 
92  627 
92  619 
92  611 
92  603 
92  595 
92G87 
92  576 

92  570 

93  56^ 
93  555 
92  546 
92  538 


9-9'^  532 
9.  92  514 
9  92  506 
9-92  49ft 
9  92  469 


9. 92  4BT 

92  475 

93  46^ 

92  457 

93  449 


9.92  441 
9.  92  433 

9  92  \'ll 
^92  41 G 
9  ._92_40B 
g  92  400 
9.  92  392 
9.92  385 
0.92  37i 
9 .  92  367 
9^  3*^9 


,L0R,  S'm\"" 


\/ 


P,  P. 


2S 

2-S 
3-8 
3-8 

t:? 

9  6 

14.3 
19^0 
23-7 


2S 

2.8 

3-3 

3.? 

4-2 

4-B 

9.3 
14. 0 
18. g  _, 
23^3  22.9 


3? 

2-7 
S  2 
3J 
4,1 


13-f 
18  3 


20 

2.D 


2a 

2  0 

i:i 
V.l 

10-0 
13.3 
.18-£ 


1-S 

2 

2 

2 

3 

6 

9 
13 
16 


J? 

n 

7 

fi 

o.j 

O.ft 

o.T 

7 

1  r 

O-S 

O.Q 

9 

11 

1-0 

1-0 

9 

1  ; 

13 

1-3 

i:J 

10 

1^ 

20 

4I 

2. a 

n 

30 

4(1 

40 

5.^ 

1:1 

n 

5D 

7*1 

"rr 


122^ 


57S 


V( 


83^ 


TABLE  VII.— LOGARITHMIC  SINES.  COSINES.  TANGENTS, 

AND  COTANGENTS.  146 


'  Log.  Sin. 


Log.  Tan. 


c.d. 


Log.  Cot, 


Log.  Cos.  d 


P.P. 


O 

1 
2 
3 
JL 
5 
6 
7 
8 

10 

11 
12 
13 

15~ 
16 
17 
18 
19 


20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
Si 
35 
36 
37 
38 
;t9 


40 
41 
42 
43 
44 
45' 
%6 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
«0  9 


73  611 
73  630 
73  650 
73  669 
73  688 
78  708 
73  727 
73  74'6 
73  766 
73_7J5 
73  805 
73  824 
73  843 
73  862 
7_3_882 
73  901 
73  920 
73  940 
73  959 
73  978 


73  99? 

74  016 
74  036 
74  055 
74074 
74  09S 
74112 
74  131 
74  151 
74170 


74  189 
74  208 
74  227 
74  246 
74  265 


74  284 
74  308 
74  322 
74  341 
74  360 


74  379 
74  398 
74  417 
74  436 
74  455 


74  474 
74  493 
74  511 
74  53?^ 
74  549 
74  568 
74  587 
74  606 
74  625 
74  643 
74  662 
74  681 
74  700 
74  718 
74  737 
74  756 


81251 
81279 
81307 
81331 
81362 
81390 
8141? 
81445 
81473 
81  50tl 
81  528 
81  556 
81  583 
81  610 
81  638 


81  666 
81  698 
81  721 
81  746 
81  776 


81  808 
81831 
81858 
81  886 
81  918 
81941 
81  968 

81  996 

82  028 
82  051 
82  078 
82  105 
82  13 
82  16i 
82  188 
82  215 
82  243 
82  270 
82  297 
ft^  325 


82  352 
82  380 
82  407 
82  434 
82^462 
82  489 
82  518 
82  544 
82  571 
82. 598 
82  626 
82  653 
82  680 
82  708 
82  735 
82  765 
82  789 
82  817 
82  844 
82  871 


Log.  C( 


9-82  t 


OS, 


Log.  Cot.  I  c.d, 


18  748 
18  720 
18  693 
18  665 
18  637 
18  610 
18  582 
18  555 
18  52 
18  49! 
18  472 
18  444 
18  417 
18  389 
18  362 


18  334 
18  306 
18  279 
18  251 
18  224 


18  196 
18  169 
18  141 
18  114 
18  086 


18  059 
18  031 
18  004 
17  976 
17^949 
17  921 
17  893 
17  867 
17  839 
17  812 
17  784 
17  757 
17  729 
17  702 
17  675 


17  647 
17  620 
17  593 
17  565 
17_538 
17  510 
17  483 
17  456 
17  42r 
17  40 


17  374 
17  347 
17  319 
17  292 
17265 

i7  232 
17  210 
17  183 
17  156 
17  12J 
17  101 


92  359 
92  351 
92  342 
92  333 
92  326 
92  318 
92  310 
92  301 
92  298 
92285 
92  2771 
92  268' 
92  260 
92  252 
92_244 
92  235 
92  227 
92  219 
92  210 
92202 


92  194 
92  18r 
92  17' 
92  169 
160 


92] 


92  152 
92  144 
92  135 
92  127 
92  119 


92  110 
92  102 
92  094 
92  085 
9^^077 
92  061 
92  06( 
92  052 
92  043 
92  035 


92  027 
92  018 
92  010 
92  001 
91993 


91981 
91971 
9196< 
9195i 
91951 


91942 
91984 
91925 
91917 
_91_90j 
91  900 
91891 
91888 
91874 
91866 


Log.  Tan. 


X^fS" 


9. 91  857 
Log.  Sin. 

579~ 


28     27     27 


2 

3 

2 

3 

2 

3 

3 

*j 

3 

4 

2 

4. 

4 

^ 

4 

9 

^ 

9- 

14 

0 

13 

18 

1 

18. 

23 

22. 

6  3.6 
II  4.0 

?l  ti 

713.5 
3180 
9122.5 


19. 

19 

IK 

6 

l.d 

19 

1. 

7 

2 

3 

2 

1 

2. 

8 

2 

6 

2 

2. 

9 

2 

9 

2 

2. 

10 

3 

2 

3 

3. 

20 

6 

5 

6 

i 

6. 

30 

9 

1 

9 

9. 

40 

13 

I 

12 

12. 

60 

16 

15 

8 

15. 

0.8 

{:? 

1 
1 
2 
4 
5 
7.1 


V.^» 


84* 
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TABLE  VII.— LOGARITHMIC  SINES.  COSINES.  TANGENTS, 
AND  COTANGENTS. 


37 

2^ 

6 

U 

2-^ 

7 

a-1 

S 

U 

3^fi 

0 

4  0 

10 

4.5 

4-4 

20 

3-0 

a  1 

l»-2 

30 

13-5 

40 

la  0 

17  G 

50 

22 'fi 

22.1 

2G 

1:1 

I: 

13  j 


I? 

17    iS 

Ij    l'7i  I. 

2-g    2-0'  1^ 

2-3    2-^,  2- 

2  6 

2  5    2- 

3  9 
5  g 

2-1  2- 
5J    fi- 

8  7 
11  B 

8  5:  fi- 

ll Sib 
14418. 

14- e 

1:90'' 


582 


37* 


TABLE  VII.— LOGARITHMIC  SINES,  COSINES,  TANGENTS, 
AND  COTANGENTS. 


14 


'    Log.  Sin.   li*   Log*  Tan*  c.di|LDg4  Cot*  Lflg.  Co5.   d 


78  030 
7a  046 
78  063 
■  78  DSD 
78  0»7 


78  115 

-  78  lao 

■  78  147 
?ai63 
78  lEO 


78  444 
78  461 

-  78  47? 
78  4U 

^78  515 

78  537 
78  543 
78  559 
78  57B 

78  5B5 


78  609 
■78  6S5 
78  64! 
78  858 
78  e?4 
-7iBflC 
78  707 
78  72f! 
78  739 
78  7!i!j 


I  78  772 

I  78  78S 

I  78  803 

I  78  821 

I  78  837 

I  78  853 

1.78  aeif 

I  7B  EB5 
^  78  902 
f. 78  918 
h  78  934 


87  7ll 

67  737 
87  784 
87  795 

:  ^l  V3 
B7  843 

87  aeo 

87  8&£ 
87  92l 
8^67  U3 
9  87  974 
9  88  DDO 
9  86  d2l 
9  88  053 
^_8_8_p79 
9   88  105 

9  88  lal 

9  88  15? 
9   88  184 

68  210 


88  236 

88  262 

8B  28^ 

88  315 

^8341 

,    S8  367 

9   88  393 

9  88  411 

9   88  445 

_8G  473 

88  498 

88  524 

■88  5EiO 

88  57^ 

■  86  BOB 

88  629 

88  655 

3  88  68r 

9   86  707 

9   88  78S 


89  229 

8  89  255 

89  281 


ID 

12  28S 

0 

12  282 

n 

12  236 

0 

12  20?> 

0 

12  183 

0 

12  157 

0 

12  131 

0 

12  104 

0 

12  078 

0 

12  052 

0  12  028 
Oil  999 
0-11  97^ 
0.11947 
.0J1_921 
d-ll  895 
Oil  88U 
Oil  842 
0-11816 
0  11  790 


on  76; 
0.11  73? 
0   11  7ll 

0^11  68 

o_.n  059 
0-11  ess 

0-11  6DE 
0  11  580 
0.11  55^ 

irt_nj28 

iO  ■  11  602 
0  11  476 
0.11  44y 
0-11  423 
0_n_3&7 
b-11  371 
Oil  S45 
0.11  S19 
0  11  293 
0-11  26^ 


88  751 
88  786 
88  8lX 
88  686 
88  864 
e  88  890 
68  916 

88  943 

8  88  968 
889al, 

.   89  02*1 

9  89   04^'    ryn 

5. 89  07^1  il 
§89  091 !  i^ 

89  155i  ;| 
89  177  i^ 
89  203  ^g 


0-11  240 
Oil  214 

0  11  laa 

0-11  162 
p.  11  135 
0-11  110 
0-11  064 
0.11  058 
0.11  032 
0  11  005 
0.10  97§ 
0.10  953 
0  10  92? 
O-IO  90} 
p.  10  B7S 
0  10  849 
0  10  823 
0  10  797 
0.10  771 
0  1.0  7j*S 
n  1071 


Log/Iar^h 


9  90  235 

9.90  22S 

9^90  216 

9  90  300 

9  90  196 

90  187 

90  17? 

ao  188 

90  15g 

90  149 

90  139 

90  130 

90  120 

90  llO 

90  101 


9O0&I 
90  082 
90  072 
90  065 
90  053 


90  04| 
90  083 
90  024 
90  015 
90  004 


89  995 
69  98S 
89  975 
89  960 
B9  r>56 
89  94^ 
89  937 
89  922 
89  917 
_89_908 
89  898 
89  88| 
89  878 
89  669 
89  859 


89  849 
9  89  839 
9.  89  830 

9  .  89  820 
89  81 5 
69  805 
89  791 
89  781 
89  77V 
S19  7B1 


n  9 


89  751 
39  742 
89  732 

88  722 

89  7l2 

9^89  70S 
9  69  695 
9  89  883 
9  89  673 
9  89  563 
89  653 


10 


10 


GO 

58 
58 
57 
58 
55 
54 
53 
53 
51 
5U 
49 
48 
47 
46 
45 
44 
43 
42 
Jl 
•iU 
39 
38 
37 
36 
35 
34 
33 
32 
31 

29 
28 

27 
2p 
26 
24 
23 
22 
31 
20 
19 
18 
17 
J6 
15 
14 
13 
12 

10 
9 
8 
7 
6 

's 

4 

8 

2 

J^ 

f> 


P.P. 


50  32.1121. 


17     IG 

6 

1.7|  M 

7 

2-Q:  19 

8 

2  S    2.2 

9 

2.5    2.5 

10 

a  a  2^? 

20 

5  B  5.5 

30 

8  5    &-S 

40 

U  511-0 

go 

14.113  ? 

i;! 

3  1 

8 
10 
13 


e  1 

7.1 

81 
91 
10  1 
20  3 
30  5 
40  0 
50  8 


10    ^ 


0 

1 

1 
1 
1 

3 
04 
60   _ 
S7.9 


Log.  Cos- 


tog»  CoLc.d. 


1197'' 


Log,  SlnJ  d. 
58^ 


^tt: 


sa" 
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'    Log.  Sin,   d.  Log.  Tan.  c.d.  Log.  Cot.  Log.  Cos.   di 


P.P. 


9. 78  98' 
978  951 
9. 78  961 
9-78  98: 
9. 78  991 


7 

8 

_9 
10 

11 
12 
13 
li 
15 
16 
17 
18 
19 


9-79  015 
9-79  031 
9  ■  79  047 
9  •  79  061 
9  •  79  07i 
9  •  79  09! 
9-79  11! 
9- 79  12' 
9-79  14; 
9-79  15! 
9  .'79  17! 
9- 79  19: 
9- 79  20' 
9  -  79  22l 
9  •  79  23§ 


20 

21 
22 
23 
24 
25 
26 
27 
28 
29. 
30 
31 
32 
33 
3i 
35 
36 
37 
38 
39 


79  251 
.79  27L 

79  287 
.  79  303 
-79  319 


40 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
39 

mi 


9-79  809 
9- 79  824 
9  -  79  840 
9-79  856 
9- 79  871 
79887\ 
^Log.  Cos, 


o/9~ 


89 


281 
307 
333 
359 
385 
411 
437 
463 
489 
515 
541 
567 
593 
619 
645 
671 
697 
723 
749 
775 
801 
827 
853 
879 
905 
931 
957 
982 
008 
OjJ 
060 
086 
112 
138 
184 
190 
216 
242 
268 
294 
31§ 
345 
371 
397 
423 
449 
475 
501 
526 
552 
57g 
604 
630 
658 
682 
70? 
733 
759 
785 
8U 
837 


10  719 
10  693 
10  667 
10  641 
10  615 
10  589 
10  563 
10  537 
10  511 
10485 
10  459 
10  433 
10  407 
10  381 
10  355 
10  329 
10  303 
10  277 
10  251 
10  225 


10  199 
10173 
10  147 
10  121 
10  095 
10  069 
10  041 
10  01' 
09  99: 


09  939 
09  9ir 
09  88' 
09  88' 
09  836 


09  810 
09  784 
09  758 
09  732 
09  701 


09  68L 
09  65i 
09  625 
09  60S 
09_577 
09  551 
09  525 
09  499 
09  47r 
09  44' 


89  651 
89  641 
89  63! 
89  62; 
89  61! 


89  45^ 
89  44; 
89  43; 
89  42l 
89  414 


89  40i 
89  39r 
89  38^ 
89  37^ 
89  36; 


89  35$ 
89  34-" 
89  33.. 
89  324 
89  314 


89  304 
89  294 
89  284 
89  274 
89  264 


89  25S 
89  241 
89  23^ 
89  223 
89  213 


3.0 
3.4 

|:i 

12^7 
17. Q 
21.2 


16,    16 

6 

l.g|  1-6 

7 

1-91  1 

8 

8 

22'  2 

1 

9 

2-5'  2 
2.7;  2 

10 

g 

20 

5.5,   5 
8-1  8 

3 

80 

0 

40 

11. 010 

\ 

50 

13.?;i3 

12 
1.4 

16 
1.7 

1:1 

70 
8.? 


Cot. 


c.d 


Log.  Tan, 


\98'' 


584 


\  \ 


tt: 


30» 
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Log.  Sin.J  d.   Lag>  Tbi(.  c.d.U^,  Cot.  Log.  C«s, 


la 

n 

13 

n 
15 

L6 
17 
13 
IS 


7&  &B7 
9  79  9U3 
9  79  9lB 
6.  79  934 
9  79  94J 

79  966 
9. 79  fiBO 

7a99fi 

eooii 
ag  027 

'so  04^ 
BOO&I 

80  073 
9  -  80  OSB 

_  BO  120 
9-t0  135 
9.a0  151 

BO  182 


31 
22 
23 
S4 

2e 

27 
28 
29 

3i} 
31 
32 
33 
34 
3S 
38 
37 
38 
32, 

41 
42 
43 
^ 
45 
4e 
47 
4S 
40 
5i 
Bl 
63 
53 
54 

55 
56 
57 
58 
S9 

«0 


80  197 
90  213 
BO  228 
80  24S 
80  259 


80  271 
90  23^ 
-BO  805 
flQ330 
80  335 


30  351 
80  35^ 
80  33l 
30  397 
30  413 


.  80  427 
^  80  443 
-  80  453 
.  80  47| 
80  488 


80  504 
80  519 
80  53i 
80  54^ 
&0  58 
80  580 
80  51^ 
80  61i 
80  82 
80  64j 


^  80  65S 

80  §71 
80  881) 
80  701 

_80  71 G 
80  731 
80  74| 
80  7ei 

-80  77^ 

80  791 

P  80  BOG 

tog*  Cos. 


90 

•  90 
90 

.90 

iM. 

-90 

90 

91 

9  91 

8^91 

9-91 

9. 91 

9-91 

91 

91 

91 

91 

91 

91 

91 


d.  Log. 


91 
940 

986 

992 

017 

043 

089 

099 

12 

I4i 

17" 

198 

224 

25 

27 

30' 

327 


91 

91 

91 

91 

91 

9. 91 

9  91 

9  91 

9  91 

9-91 

9. 91 

9  ^  »1 

9  91 

0  91 

9.91 

9-91 


91 

91 
9  91 
9  91 
9^-91 
9  -  91 
9  92 
9  92 
9  92 

92 
9  92 
9  92 
9.93 
9-92 
a.  92 
9.92 
9  92 
9  92 
9  92 

92 


358 
37B 
403 

430 
456 

481 
50  7 
533 
559 
_58j 

eiO 

836 
6&2 
83^ 
713 
739 
765 
790 
816 

86? 
893 
919 
945 
970 
996 
02. 
04? 
073 
C99 
121 
15(} 
171 
201 
237 
253 
278 
30J 
330 
355 
331 
Cot. 


09  183 
09  137 

03  111 
09  085 
09  060 
09  034 
09  008 
03  98S 
08  95g 
03930 
03  905 
08  879 
08  86! 
08  82^ 
03  802 
08  776 
08  750 
08  724 
0 . 03  398 
0  08  ti73 


9  39  050 
9  3^040 
89  030 
B9  OlS 
89  005 
38  999 
3B  989 
83  971 
83  988 
88  953 
83  94? 
B8  935 
88  627 
88  917 
88  906 


0-08-647 
iO  08  ^2l 
1 0  03  595 
;0.08  57C 
101544 
lO  03  511 
iD.Oe  492 
10.09  457 
10  08  441 
|D.08  4l!I 
^0.D8  38^ 

0  OB  3ed 


c.d, 


OS  338 
08  31S 
OB  2SE 
08  261 
08  235 
OB  209 
03  18^ 
03  163 


08  1 
OB  lOG 
03  081 
08  056 

03  029 


08  004 
07  978 

07  955 
0  07  92E 
0.07  901 
0  07  875 


07  84i5 

07  8_.. 
07  791 
07  775 
07  747 
07  721 
07  89  S 
07  67^ 
07  843 

OT  m 


■Off. 


Tan. 


9  88  898 
9  83  8e|' 

9-88  87& 
9  83  8f;5 

9.3a  E&5 


88  844 
88  334 
88  82| 
38  813 
38  803 

88  79S 
88  7  82 
83  772 
38  781 
8B  751 
B8  74(5 
SB  730 
88  720, 

8a70ig 

9  .  Ba  899 
9  88  8Bg 
88  878 
SB  66? 
S8  857 
38  848 


3^9 


-88  836 

as  625 

38  815 

89  (i04 

_88  594 

,  9  83  58S 

)  9  88  573 

i  9  88  58§ 

;  9  88  bt2 

9  B8  541 

9  88  531 

9  83  52G 

9  B3  510 

9  83  499 

0  88  438 


(  47H 
1487 


0 

9  88 
9  88  457 
9  38  44^ 
9_._flB  438 
9, 38  435 
Log.  Sin 


59 
53 
67 
56 
55 
54 
63 
63 
51 
mi 

49 
48 
47 
40 
45 
44 
43 
42 
41 
4U 
39 
38 
37 
33 
35 
34 
33 
$2 
^^ 

:u* 

29 
28 
27 
26 
25 
24 
23 
122 

19 

18 

17 

13 

15 

14 

13 

13 

Jl 

Hi 

0 

3 

7 

8 

5 

4 

3 

2 

1 


P.  P. 


30 

2-8' 

3  0; 

3  4 
39 

*■!' 


3 
4 

8 
30il3  0  12 
40)17  11X7 
50t3ie;21 


33 

9-S 
0 
4 
6 
3 
8 


6 

] 

1 

8 

r% 

1 

1. 

7 

1 

f 

1-8 

1- 

B 

3 

2.0 

2 

9 

2 

4 

33 

2- 

10 

2 

1^ 

2-6 

2- 

20 

5 

3 

5-1 

6- 

30 

3 

0 

7.7 
10  S 

7- 

40 

10 

e 

10- 

50 

13 

3 

13  9 

13. 

11  15  10 

Dl 
31 
41 
8  1 
71 
5  3 

55  0 
0  6  I 
^3-3 


6 

7 

1  ! 

3 

1  -' 

S 

it 

I  1 

10 

20 

3   ii 

A 

30 

fl.F> 

5 

40 

7.:^ 

7 

50 

9.1 

3 

e,e. 


i;W 


5S5 


40'^ 
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30"* 


5Sii 


41** 


TABLE  Vn.— LOGARITHMIC  SINES.  COSINES,  TANGENTS, 
AND  COTANGENTS. 


Log.  Sin. 


d.   Ugi  Tan»  c.d,  Ug,  Cat  Log.  Cos.    d. 


P.P. 


O 

1 

2 

3 

_4 

5 

6 

7 

B 

_9 

10 

H 

12 

13 

I^ 

15 

IS 

17 

la 

19_ 

130 

2J 

22 

23 

24 

25 

26 

27 

28 

29 

SO 

31 

»!3 

S3 

3* 

35 

36 

37 

30 

3^ 


SB 


Bl  601 

Bl  7oa 

91  72S 
SI  7SB 
81  75^ 
81  7fi7 
81  78l 
1  796 
31  810 
8.1  824 
81  B39 
%\  853 

81  see 

n_a97 
ai  eii 

81  935 
31  &ID 

Rl  951 

81  Mea 


4(> 

4) 

42 

43 

*i 

45 

46 

47 

48 

4§ 

50 

51 

52 

fi3 

S_4 

55 

57 
58 
5& 


81  997 

82  012 
■  82  026 

83  040 
82  055 
32  06y 
32  08:^ 
82  0>]e 

82  112 

83  12i 
32  140, 
92  15*^ 
82  16^ 
82JJ3 
82  107 
82  212 
82  226 
22  240 

82  2nl 


R2  2oa 

82  283 

S2  207 

82  31T 

^82  a25 

R2  339 

32  354 

B2  368 

.82  382 

.82  39ij 


82  4in 
82  42^ 
B2  43? 
82  45^ 
iB3_4fl7 
82  481 
82  405 
82  509 
82  553 
82  537 

•  82551 


■^Log,  CttS. 


9  93  Blf^ 

9-03  942 

9.  93  96? 

9  93  Sil3 

9  94  01^ 

0   94  044 

9   04  069 

a   94  09B 

9^4  12fi 

9_9+H^0 

94  1 7l 

94  J97 

04  222 

94  248 

04  273 

04: 

94  324 

U  350 

94  375 

9jL405 


94  426 
94  45l 
94  477 
04  502 
94  52? 
04  653 
04  57& 
94  80^ 
04  630 

94  681 
a  94  70G 
34  732 
94  767 
S4  782 
9  94  808 
94  833 
94  853 
94  884 
f49H] 


94  935 

04  061 
&4  986 

95  Oil 

05  037 
95  G62 
95  08B 
05  113 

95  3  39 
^5  16_4 
05  189 

96  215 
95  240 
95  266 
05  20  J 
95  3li 
95  342 
95  367 
95  393 
154]  g 


05  443 


25 

I 

21 

I 

25 

3| 
2S 
25 
25 

26 

2§ 
25 
25 
25 
2! 

2| 
■^5 

21 
25 

2S 
25 
2l 
25 

25 

25 
21 
25 

II 

n 

25 

21 

25 
25 
2i 
25 

25 
2)5 
25 
25 
25 

5^ 
25 

2i 
25 
25 
25 
25 


0  CB0B3 
0  OB  058 

0-06  032 
0 .  06  007 
0^  05  981 
0-05  956 
0.05  93S 
0-05  H05 
0  05  87S 
0^05  854 

0  05  b: 

05  803 
05  77^ 

05  752 
05_72^ 

06  701 
05  B7'i 

C5  esc 

05  62^ 
05  FQg 


87  778 
87  767 
87  766 
87  746 
87  73A 

37  723 
87  712 
87  701 
87  600 
87  670 
R7  668 
87  657 
87  64 
37  83^ 
87fl23 


S7fil 
87  60. 
87  505 
87  573 
87  568 


0.06  574 
0  05  5-!^ 
0-05  5__ 
0  05  40? 


£.5_*72 
05  44E 
05  421 
05  391 
0  05  37r 
0  OF^  34^ 
0-05  319 
r>05  293 
0  05  268 
0  05  243 
'  05  217 
0  05  192 
D05  IBG 
0  05  141 
0  06  lis 
jO  r5  ngc 


87  557 
87  546 
87  535 
87  623 
87  5ia 

-37  50T 
87  203 
87  479 
87  468 

_S  7^457 

•  R7 
87  __ _ 

•  87  ^^3 
-37  412 
_a^401 

S7  3B§ 
87  37B 
87  367 

•  87  358 

•  37  345 


7  44| 
r43l 


Q  05  064 
0  05  03E 
0^05014 
0  04  98S 
0_  04_963 
D- 04  937 
0  04  912 
0  04  83i:i 
0  04  8G1 
0  04  83  C 


0  04  810 

0  04  7B5 
004  75^ 

0^04  73^ 
0 • 04  708 
0^04  683 
0  04  658 
0^04  632 
0  04  607 

n_0i5R- 

0.04 


.87  :^33 

■•87  325 
87  311 

^87  300 
87  2BP 
BT  277 
87  266 
87  25? 
37  243 

_87  232 
87  221 

•  87  209 
87  198 
87  187 
87  175 


87  164 
87  153 

87  14l 
87  130 

87  ng 

,87  107 


Log*  Gotc.  d.  Log*  TanJLog.  Sin 


60 

59 
58 
57 
_56 
55 
54 
53 
53 
51 
50 
49 
48 
47 
i** 
4b' 
44 
43 
42 
41_ 
40 
39 
38 
37 
36_ 
35 
34 
33 
32 
31 

29 
2S 
27 
_26 
25 
24 
23 
22 
.21 

10 
18 
17 
IB 
15 
14 
13 
12 
U 
1<* 

e 
8 

7 
_6 

5 

4 

3 

2 
J, 

(r 


25 

2  5 


10 


mi2 


1% 

1 
1 
2 

a 

4 
7 
9 


14 

1 

2 
2 
4 
7 


I'll 


1T 


11 

1-1 

l.B 

n 

5 


TX- 


ist'' 


587 
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H   36  7L^ 
9  96  73? 

9  ae763 

flfl  7S 

9  U  81 

a. 96  8S9 

3S/9  33  324    J I    9  9e  864 

57/9  S3  337    fih   B^88§ 

58 p  83  351  /  //  /P .  00  9 1 5 

SB  19^3  365    ^*  19   96  945 

fm  S3  3?fi    ^^/g    9fl9S5 

/Igff,  J^./tf.  /log.  Cot,: 
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TABLE  VII.— LOGARITHMIC  SINES,  COSINES,  TANGENTS, 
AND  COTANGENTS. 


O 

1 
2 

e 

7 

e 

10 

11 

12 
13 
14 

is' 
le 

17 
IB 
19 


2  B4  229 
^  84  24^1 
B  B4  2SS 

9  34  2E| 
a  B4  2BI  iq 

9  B4  gfljl  *l 
9  84  307 
9  94  32D 

Q4  3S^ 

B4  346' 

9  34  3^{t. 


13 
13 

13 
13 

13 

9.S4  37I'  H 
9  B4  3&5I  ^i 
9  S4  39al  t? 

9.«4  4ir  ;i 

^  HA  4241  ^l 


21 
22 
23 
34 

2Ei 

2e 

27 
28 
29 
30 

31 
32 
33 
3_4 
35 
3A 
37 
3S 
3» 


9.84  4571 


40 
41 
42 

**_ 
45 
46 
47 
48 
40 
50 
51 
52 
53 
54 
J5 


.Dgh  Sin, 


9  84  177 
9  84  19G 
9  84  201 


■84  2lil  J! 


9  S4  450 
9  84  463 
9  84  4781 
9. 84  4891 
9. 84  502 
9  84  514 
9  94  52*7 
9  84  545 
9  84  553 


9  9B4SSr 
9  93  599 
9  98  5Sl 

9  98  559 
a  99  585 
9  98  610 
98  535 
98  8g5 
98  693 
1 8^711 
98  73 1 

98  7S2 
93  787 

99  813 
9aj2? 
98  8g3f 
98  8S|i 
98  913' 
98  93g| 
93  9841 
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9^94  566 
9  a4  67& 
9. 94  592 

9  34  eo| 

*  ^817 
84  630 

84  643, 
84  056 

84  669 
84  68 J' 


84  694 
84  707 
84  720 
84  732 
84  74S 
84  759 
84  771 
84  785 
84  79G 
84  808 


I  9  84  022 
9-84  SSi 
9  84  847 
9  84  860 
9  34J87J 

j5  fi4  8S5, 
56fBB4  89Rl 
57fP  34  Bldi 


SSi9S4  923j  1 


log.  Tan.  c.rf-|Ug.  Cot.  Loj^.  Cos.]  d^ 


01  5ie 

01  491 
01  465 
01  440 
01  4i& 


98  989 

99  OUt 
99  040 
99  085 
99  09tS 


99  Ha 
99  141 
99  168 

99  19l 
99  215 


9  99  242 
9  99  267 
9  99  292 
9  99  318 
9  99  343 
9  99  368 
9  99  39rl 
9  89  419 
99  444 
99  4R^ 


fiffff'  Cos. 


?fi/  ^;  15^91 

:/  d.  /tog. 


99494 
99  520 
99  545 
9.99  57S 
9^99  5^ 
9^99  8^1 
9  99  fl4S 
9  99  87l 
9.99  H97 
9  99  7^2 
9  99  74? 
9  99  772 
9. 99  798 
9  99  823 
9.  99  84S 
9  99  87^ 
9.99  89B 
9  99  924 
9-99  94fl 
9§  974 

Of)  onn 


Cot. 


01  390 
01  36} 

01  S3g 
01  314 
01  239 

01  263 
01  238 
01  213 
01  187 

01  leS 


01  137 

01  112 
01  00  6 
01  06l 

01  036 


01  010 
00  98  5 
00  960 
00  935 
QQ909 
00  89 1 
GO  359 
00  834 
00  808 
00  7BS 
00  758 
00  733 
00  707 
00  682 
0.0_e57 

00  631 

00  606 
00  591 

00  556 

on  53f^ 


9.  85  509 
9  85  49? 
9  85  485 

9.  85  472 
9.85  460.  - 
85  448,  jj 


00  50  5 
00  480 
00  45  5 
00  42" 


00  22^ 
00  202 
00  177 
00  15! 

00  i?A 

00  101 


9. 35  &B% 
9  85  691 
85  669 
85  657 
85  644 
85  632 
35  620 
85  BOB 
85  595 
85  583 
■85  571 
85  559 
85  546 
85  534 
85  522 


12 

la 

12 

IS 
12 
IS 
12 

I  15 
12 
12 
15 
12 
15 
12 

IS 

12 
I  12 


85  431 

85  423 


13 

asiiii  Ji 

85  39g 

85  338 

85  374 

88  361 

35  348 

95  336 

85  324 

85312 

85  29^ 
9  35  287 
9  85  274 

S'S  262 

85  24§ 

85  237 

85  223 


9  85  19§^ 
85  1B7 
85  174 

9^85  162 


OOJOJ  9_^85_14i 
00  379 
O0  36S 

00  3SH 
00  303 

00  278 
00  255 


85  137 
85  12l 
B5  112 
85  09^ 
85  087 

85  074 

86  062 
B5  049 
85  037 

_85^024 
-  85  01 1 
S4  999 

la   a*  anftv  '-'- 


P.p. 


T?5 


2 

5:    2. 

3 

0    2- 

3 

4    3 

3 

B    3 

4 

5    4 

9 

5    B- 

12 

?12 

17 

PIB- 
3  20 

21 

25 

5 
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13 

8 

13 

1.3 

7 

18 

K 

8 

IB 

7 

9 

2-0 

Q 

10 

as 

1 

20 

4   5 

3 

30 

B-7 

5 

40 

9  0 

84 

50 

11^5 

10 

g 

^\ 

12 

6 

1.5 

1.^ 

7 

1 

i 

1-4 

8 

1 

f, 

1   B 

9i   1 

9 

1    9 

10,   2 

1 

2-0 

30    4 

1 

4.0 

SO,   B 

5 

fl,0 

40'   B 

a 

to 

50 

10 

4 

10  0 
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'     Log.  Vers. 


9 
lO 

XI 
12 
13 
14 
15 
16 
17 
18 


20 

21 

32 

23 

24_ 

25 
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27 

28 

J?_ 

30 

81 

82 

83 

8£ 

85 

86 

87 

88 

3L 

40 

41 

42 

43 

45 

46 

47 

48 

4?_ 

ffO 

51 

52 

53 

64_ 

85 

86 

87 

88 

89 


6 -78474 
.79195 
.79909 
80618 

^81322. 

6. 82016 
82711 
.83398 
.84079 

_^84785_ 

6.8542S 
.86091 
.86751 
87407 
.88057 

6.88701 
.89344 
.89980 
.90612 
♦91239 


6.91862 
92480 
.93093 
.9370^ 
.94308 


6.94909 

.95506 

.96099 

.96688 

97272 

6.97853 

.98430 

.99004 

6. 99573 

7:_00139 

7.00701 

.01251 

.01814 

.02366 

.0^914 


^0345S 
.03999 
.04537 
.05071 
05603 


7. 06130 

.0665S 

07177 

07695 

_^08211_ 

7. 08723 

.0923S 

09739 

■10242 

_i  10743 

7.H240 

.1173B 

.12227 

•12715 

13203 
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L/  7. 13887  I 
I  Log.  Vers,  I' 


721 
714 
709 
703 
697 
693 
686 
681 
676 
670 
665 
660 
65$ 
650 
646 
641 
636 
631 
627 
62S 
618 
611 
609 
60S 
601 
597 
595 
589 
58i 

581 
577 
573 
569 
5dS 

58^ 
559 
555 
551 
548 

542 
541 
537 
53? 
531 
527 
525 
52T 
5l9 
513 
51^ 
509 
50R 
50?? 
500 
497 
495 
492 
489 
48B 
484 


6-78505 
.79221 
.79937 
.80646 
.81350 

6-82048 
.82740 
.83427 
.84109 
-84781 


6-91898 

-92515 

-93131 

-93741 

.94345 

6 • 94948 

•95545 

•96139 

-96728 

_.  97313 

6-97895 

•98472 

•99046 

6. 99615 

700182 


00745 
•OlSOi 
•01860 
•02412 
■02960 


7  03505 
•04047 
•04585 
.05120 
iP5652_ 

'7-06180 
-06706 
-07228 
-0774? 
^826|_ 

'7. 08776 
-09286 
-09793 
-10297 
•10798 

7.il297 
•11792 
-12285 
-12775 
-13262 

7.13745 


721 
715 
709 
703 
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39195 

3930S 

3H21 

3953i 

39fl4^ 
■39751 

39fl71 
-39^33 
.  4nr>9f^ 
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10 

11 
12 
13 

15 
16 
17 

la 

10 


20 
21 
^2 
2S 

2i 
26 
27 

2a 

ii 
30 

31 
32 
93 
34 
3S 
36 
37 

3a 


40 
41 

42 
43 
44 

45 
46 
47 
48 
49 
50 
61 
62 
B3 
64 
65 
5S 
67 
5B 
69 


Lg.Vers.  /> 


■47282 
4738^ 
■4743? 
.47690 
^4769S 


■47795 
.47897 
^47909 
.43101 
48203 


4B3D4 
4B4D6 
4350? 
4360B 
-48715 


48ai! 
4S913 
490  IS 
49114 

492  IS 


log.Exs, 


49315 
494 IS 
49518 
49616 
4971B 


4981  a 
43913 
50015 
60115 
50215 
B0314 
5041^ 
605 IS 
506 IT 
60715 


60809 
50908 
6I0D6 
61105 

5no^ 


51301 
51399 
5143? 
5159S 
,51393 


3.51731 
^61888 

61936 
'62D83 

52180 


8  52377 

■52373 
,52471 
525G3 
■62666 
•  5276 
52858 
52954 
53060 
5314g 


tfofe.  5324§l 


102. 
t03 
102 
lOS 
103 
1D2 
103 
102 
102 
lOl 
LOI 
lOi 
101 
lOl 
101 
01 
101 
lOC 
101 
lOO 
100 
103 

IDD 

100 

100 

100 

99 

100 

flS 

99 


39 


8  4859! 
48637 
43  80S 
48909 
49014 
49130 
4922S 
49331 
49436 
49541 
49343 
49750 
4985E 
49980 
50061 

501  eB 

50273 
50377 
60431 
5Q535 


5063; 
5079: 
50396 
5099! 
51101 
51205 
51309 
51412 
51514 
51317 
51720 
51822 
61925 
53027 
6212| 
62231 
62331 
52435 
52537 
f2B?l' 


5274Ci 
62841 
52943 
63044 
63145 
53246 
63347 
5344S 
63548 
53649 


5374^ 

53350 
53950 
54051? 

5<n 


5425C 
543Dr 
54441 
64S4i 
54349 


^/f^ 


W- 54743 


og,Exs\^ 


106 

106 
105 
105 
105 
105 
10§ 
105 
105 
105 
104 
105 
1D4 
lOl 
104 
104 
104 
104 
104 
103 
104 

loS 

103 

103 
103 
103 
L03 
105 
103 
102 
102 
102 
102 

los; 

102 
102 
102 

lOl 
101 
lOl 
lOl 

101 
101 
101 
101 
101 
101 
loQ 
100 
lOO 
0^ 
100 
lOO 
10, 

100 
LOC 

9Q 
100 

$9 

IF 


Lg.  Vers, 


53i;4^ 
53333 
63434 
53530 
53B25 
53721 
53816 
53911 
54007 
54103 

64197 
54201 
54336 
64431 

54670 
547B4 
548*^8 

64952 
55041^ 


n   Ug,Ejfs,  /> 


55140 
55234 
65328 
6542T 
55515 
55608 
65701 
55795 
558B8 
55931 


56074 
5616G 
56259 
56352 
56444 
56536 
66629 
60721 
56913 
5fi905 


8^53997 
57089 
57185 
57272 
57363 

8  ■57455 
57643 
67637 
57728 
57815 


57910 
58001 
58092 
58182 

bB?.7S 


5833;] 
5845;^ 
58544 
58334 
63724 
8^5j_8l4 
Lg-  Vers. I 


54748 
54»4^ 

5494G 
55045 
55_144 
55243 
5534L* 
55441 
65539 
55633 
55736 
55834 
55933 
56031 
56129 


56221 
56324 
6642'. 
565  l!i 

5eEll7 


56714 
56812 
56909 
57006 
57103 
57200 
57290 
67393 
57400 
575SB 


57632 

57779 
57875 
5797T 
68067 


58163 
53259 
58354 

5845C 
585^^0 


58641 
58736 
58332 
58927 
59022 
69117 
69211 
59306 
69401 
_594p_5 
59590 
59681 
59779 
59873 
_59e 

eooai 

30155 
B024fl 

303  4 1 


95 


99 


21 

nn 
23 
24 
25 
26 
27 
23 
39 

:?o 

31 
32 
33 
34 
35 
36 
37 
38 
.39 
4(1 
41 
42 
43 
44 
45 
43 
47 
48 
49 

51 
52 
53 
^4 
55 
53 
57 
5% 


P,  P, 


lort 

103 

6 

10-3 

10  21 

7 

12 

0 

H 

9 

3 

13 

13 

fl 

9 

15 

■i 

15 

3 

10 

17 

17 

0 

20 

34 

3 

34 

0 

30 

51 

5 

51 

0 

40 

68 

6 

63 

0 

50 

35 

8 

85 

0 

1Q0 

3  10-0 

7  31. e 

a  13^ 

9  15   0 

10  16  5 

20  33  -3 
30;  60  f 
40|  06  ( 
50,83^ 


07 


101 

10.1 

u-l 

13-1 
16  I 
16  3 

33  B 
50  a 
67  I 

34  X 


9»    »S 


511 
2  13. 
gl4- 
5  Ifl^ 
0  32- 
6!49' 
0  65- 

6Jaa- 


711 
9a4 


11 
12 
14 
16 
32 

6  34 

Slao 


m 

03 

6 

9-4 

9  3 

7 

10 

^ 

10  B 

8 

12 

5 

12  4 

9 

14 

1 

13,9 

10 

15 

5 

15^6 

30 

31 

3 

31.0 

30 

47 

0 

45  5 

40 

32 

6 

62  0 

50 

78 

3 

77*5 

OS 

9-G 

12^1 
14-3 
15.3 
31-S 
47-5 
63  I 
79-1 


0? 
0- 

10, 
12. 
13  8 
15.3 
30. B 
46.0 
61. 1 
76  B 
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^3 

9-3" 
E 
4 

5 
0 
5 
0 
5 


92     91 

:  31  9.1 

10.7110  6 
12-212." 
13-8  IS 
15   3  15. 
30.6  30 
4&'C45^ 

eiijeo. 
7e-el7fi- 


a. Si  8 
10.410 
Il'SllI 
IS  3,n 

14  8114 

44.5'44 
&9-S|58 
74-IJ73 


B 

7 

8 

fl 

a. 

10^1 

10 

i 

fl- 

U 

S 

11 

n- 

IS 

12 

9 
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14 

& 

14 

^ 

14- 

29 

0 

St 

^, 

28 

43 

fi 

4a 

0 

42^ 

58 

0 

57 

Afifi. 

72 

B 

71 

.^70. 
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Lg^Vers, 


30  a 


■  70945 

■  7101 

. 71096 
'71174 
■71 35 I 
7132& 
■7140g 

■  71484 

7i&el 

■71833 


■  71716, 
71795 

-71B70 

■  719-37 

.  7'?n^i 


'72L01 
■7317B 
722B5 
72S31 
■  7240 B 


73485 
72561 
72637 

72714 
.737^ 

3-72aefi 

■  72942 
■7301S 
. 730fl| 
^7S170 
B- 73245 
73325 
.7339B 
.73473 
.  73M^ 


q;  ^  7ilH'>e; 


Lg.Vei 


La^.  Exs, 


71149' 
7l23i 
7131G 
7U0O 
71484 


71&£7 
71651 

71734 
71817 
71901 


71964 
72067 
721BD 
72233 
72318 


7239B 
72481 
72563 

72547 
72  7?  I! 


72312 
72894 
73977 
73059 

7322a 
733DE 
7S3&3 
73470 
■?3_55l 
73B33 
737IS 
73797 
73878 
739ea 


74041 
74123 
74201 
74285 

74-^'i7| 


7444&i 
7452y 
74Sia 
74391 
74772 


74Sri3 
74934 
75014 

75095' 
7517' 


75256 
7533(1 

75417 
75497 

75S77 


75658 
75733 
7591K 
75898 
75979 


TRl^S 


Lg^Vers.  n 


74749 
74824 
74S9g 
74973 
75047 


75121 
7510^ 
7536r 
7554: 
7541' 


8  ^  75491 
,7fi&65 
^75139 
-76712 
75786 


3^75860 
73931 
76G06 
76030 
76153 


8-7622S 
-76300 
*  76373 
-76U6 
^76519 


8-76592 
.76fl6l 
.78737 
■76810 
.76888 


8.76fl6B 
77039 
77100 
77173 
7724S 
7731? 
77390 
77482 
77B34 
77606 


Ug*ExsJ  r> 


76058 
7613f 
76217 
70297 
76376 


764{;S 
76536 
7G615 
76694 
76774 
76853 
7693^ 
77011 
77090 
71169 
77241 
77327 
77406 
77435 
77565 


77643 
7772D 
77785 
77&7f 
77956 


78034 
7811^ 
78191 
78269 
78347 
78425 
78503 
73531 
7865? 
7873Q 
78814 
73892 
73969 
79047 
79134 


79^02 
79279 
79357 
79434 
79511 


log. Ex 


P.P. 


H4 

fi3 

8 

B.4 

8-3 

7 

9.8 

97 

8 

n-2 

H^O 

9 

12  ■  9 

12-4 

10 

14^0 

13^ 

20 

28  ■O 

27  6 

30 

42.0 

41-5 

10 

56^0 

55  ■  3 
69a 

eo 

70^0 

8X 

SO 

ft 

8^ 

8-0 

7 

».4 

9-i 
10-6 

8 

10.8 

9 

^■1 

12 

S 

10 

13^5 

13 

20 

270 

26 

e 

30 

40  5 

40 

0 

40 

54^0 

63 

3 

B0G7-5 

6^ 

78 

77 

6 

78 

7  71 

7 

9-1 

9 

0 

a 

10. 4 

10 

I 

9 

n.7 

H 

10 

13  0 

13 

I 

20 

26- 0 

25 

30 

39  0 

38 

5 

40 

52  0 

51  31 

50 

85^0 

64 

11 

76 

74 

6 

7-5 

U 

7 

8-7 

8 

100 

9  fi 

a 

ii^a 

n  1 

10 

12-fi 

12 -S 

30 

25  0 

24^e 

30; 

37.  S 

87  0 

40 

50-0 

49-3 

BO 

€3^5 

61^6 

72 

71 

f 

7.2 

7.1 

7 

8  4 

8.3 

8 

9.8 

94 

9 

10. 8 

10  J 

IC 

la.o 

llH 

20 

24^0 

23  ft 

30 

38.0 

3S-S 

40 
50 

48  0 
60.0 

47^a 
59-1 

B2 

10-9 
12  3 
13.6 
27-5 
41  0 
54.§ 
68. § 


70 

7  9 

10  J 

Hi 

26-3 
39.6 


76 

7 
B 

iio 

hi. 4 

I  u^S 

i  2S-3 
i38.0 
160.^ 
:63.S 


73 

7  3 

8  5 

10  § 
13. 1 

24-^ 
36^ 
43  G 
80.9 


0. 

a 

0 
0 

0-1 
O.I 

?:l 

0'4 


THT 
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P.  P. 


6 
B 
7 

a 

I  (J! 
11 

12 
13 
14 
15 
16 
17 
18 
1^ 


li.7B037 
781CB 

TBiao 

782&i 
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783^4 
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78679 
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78B21 
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78363 
79034 


21 
22 
23 
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26 
27 
3« 
29 
30 
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S3 
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3S 
3S 
37 
38 
39 


io 

41 
42 
43 
44 
45 
45 
47 
48 
49 


50 

li 

Ml 
S5 

B7 

M 

m 


70105 
79175 
75245 
79317 
73387 


7Q458 
78538 
79598 
78669 
.78738 
7@86P 
7S37§ 
78945 
8001S 
80089 


801  &S 
B0225 
S03S9 
80389 
80438 
80508 
80577 
80647 
80715 
Rn786 


80855 
00824 
80993 
81063 
ei_132 
81201 
B1270 
81839 
81407 
ai47S 


6^ 


80735 
50814 
80891 
SD967 
81043 
81119 
81195 
81271 
81346 
811:^2 


81498 
B157S 
8164S 
81725 

81876 
61951 
82025 
82102 
82177 


82252 
82327 
82402 
82477 
§3552 

82627 
82702 
8277fi 
B285I 
82926 
B300G 
8307§ 
83149 
83224 
83288 

S3S73 
83447 
83521 
83595 

13_570! 

?3744 
83810 
83892 
83965 
84059 
8411^ 
84187 
84261 
84384 
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84555 
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84775 
84843 
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849^5 
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■  82297, 

.82866 

■82434 

.82602 
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.82905 

■82773 
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83043 
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73 
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8530 
8537 
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85605 
855''i5 
85626 
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85887 
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85213 
85281 
85380 
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86724 
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86087 
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fle378 


83449 
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89388 
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10 
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22 
23 
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33 
34 
35 
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38 
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41 
42 
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44 
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49 

50 
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3^ 
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56 
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58 
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76 

75 
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7.5 
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9  11^4 
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73 
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S 

a 

5 

9 

7 
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f 
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s 

36 

5 

48 

^ 
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B 

74 
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8-S 
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37-0 
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3  9.2!  SO 
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0  34^5 
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66 

6 


7 

B 
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44.0 
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45-S 
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7 

8 
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8 
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10 

11 
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16 
17 
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19 
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40 
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44 
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49 
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64 
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87Q6§ 
87127 


87192 
87256 
87320 
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8744S 


87512 
87570 
8764^ 
8770i 
67768 
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87195 
87953 
88G23 
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88150 
8821! 
88277 
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89856 
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90065 
90135 
90205 
90274 
90344 
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9055^ 
90822 
90891 
90765 
90330 


90^29 
909u8 
9103Z 
9110B 
91175 
91344 
91313 
91382 
91451 
91520 


91586 
91657 
9172B 
91791' 
91883 


91532 

92000: 

920e& 

92137 
^2*M 
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.92342 
'924 10 
■9347S 

.9254f? 

8,92615 
'926H3 

■  9-2761 
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92B87 

8,^2955 
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93226 

8-93291 
93361 
934?9 
93496 
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8-90D34 
90G98 
9018£ 
902  20 
90282 
90344, 
90408 
90467 
90529 
90591 
90«52 
90714 
90776 
90837 
9D899 
909^0 
91021 
91083 

'''^ 


91 


91267 

91528 
9138^ 
ai450 
91S11 


91672 
918S8| 
91694 
91755 

9181S: 


91876 
91937 
91992 
92058 
9:2119 
92175 
92240 
92300 
62361 
92421 


8. 92732 
9284r 

-9290; 

■  9296; 
93021 
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S  98381 
93440 
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■93560 

•93619 
8  93^79 
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^93699 
^98766 
H  93833 
.93901 
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.9403& 
■94102 
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-94237 

8  94304 
94371 
94438 
-94505 
■  94572 
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94705 

■94772 
,04839 
-94905 


8-94972 
95039 
95105 
95172 
9523B 
95305 
B537I 
95437 
95504 
J557C 

8 ■ 9563^ 
.95703 
-95769 
95835 
9590J, 
95987 
90033 
9B099 
961^6 
9G231 


9B297 
96362 
9842^ 
9G494 

_9656_0 
9662& 
96691 

96757 
3B822 


96953 
9701S 
97084 
9714^ 
97214 
97280 
97345 
9741D 
97475 
97540 

8   97606 


^1- 


P*P. 


70    39 


7-0 

8.B 

g.l 

8.0 

9  ■.I 

0.3 

10. 5 

10.3 

11  ■ti 

11.5 

23-3 

23.0 

35^0 

34. 5 

4f!-6 

46.0 

58-3 

57  5 

67 
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6 

6.7 

6^6 

7 

7.8 

7,7 

8 

ZQ 

8-8 

9 

10. 0 

99 

10 
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no 

20 

22^^ 

22  0 

3D 

33  5 

33  0 

40 

44-6 

44.0 

50 

55  6 

55^0 

8 
7    7 

a  8 
9  9 
10  10 

20  21 
30132 
4043 
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§-  9 
B  10 

3]2I 
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Ei  42 
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34  0 
45.3 


G5 

e.s 

U 

9.7 
10  8 
21. a 
32  5 

43.3 
54.1 
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31,0 

_4l-3 

S  Sl.g 
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eo 
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24°  25*' 


11 
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15 
16 
17 
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22 
23 
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25 
2D 
27 
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36 
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41 
42 
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44 

45 

4a 

47 
48 
40 
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S3 
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5e 
57 
58 
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93570 

&373a 

193857 
QS^lfi 
i397S 
04034 
BiD94 
84150 
14212 
94271 
94S30 
94SS0 
8444  S 

84500 
84624 
84C(03 
8474: 

q4SCti 


840  5  S 
84917 
949  7  L 
85034 
85093 
8G15I 
05210 
8G2G& 
8fi32ti 
DB3M 
8  [144  3 
8&5CI 
95558 
95B17 

85'73d 
85791 
9&&49 

^5907 


9C023 
96930 
»G13E 

aoi9e 


7' 


903]  1 
9636^ 
8642B 
06481 
96541 
96581 
8Q6&a 
96713 
9677?! 
86821 
86815 
96943 
869t0 
9706S 
97115 
9717Ti 


g*  Vers, 


■M 


97B06 
97B71 

9773E5( 
978D1 
97865 
9799QI 
97995[ 
88060 
9S12& 
98180 
98254 
98319 
98383 
B844» 
93513 


98577 
9S642 
9870Ei 
98770 
98935 


98^99 
989G3 
99028 
Q8092 

981_5g 

9932fl 
9828^ 
08341 
99412 
99476 
9854^ 
99604 
386r.E 
98732 

98860 
9092S 
98987 

ooo&i 


09178 
00242 
0O305 
00369 
0O43g 
0048  S 
00559 
00622 
00686 
00748 
OOGl^ 
00B7f 
009  3 1 
OlOOZ 
01065 
01128 
01191 
01254 
01317 
01  m 
rVU43 


97170 
8722? 
97214 
97341 
.97398 
87456 
87511 
97688 
97625 
97CBI 
97738 
97785 
87651 
97808 

oao2G 

88€7 
93133 

88190 
88?46 


8830^ 

88351 

88414 

88476 

8852 

8B5£; 

98638 

8869 

9875U 

888CE 

88802 

9E8U 

88974 

9903e 

8908  B 

99 141 

99187 

99252 

993GE 

9fl3F5 


99419 
99474 

9852^ 
98585 
98640 


98585 
99751 
99806 
90SfiI 
8801* 
0^971 
0002  r 
OOCfil 

ooiar 

00191 
0024  P 
0030  J 
O0356 
0041] 
004€6 


L|5*Vers; 


01443 
01505 

^01568 
OlUl 

_Cj1€94 
01751; 
0l8lg 
01882 
01944 
O^CO^ 
02070 

02ia^ 

02185 

02257 

L2S8L 
0244^ 
0250(> 
0256t 


f.2€8S 
D276b 
0281^/ 
028  EC 
02042 
03O04 
030Ct 
0S12S 
C318C 
0325: 
0331^ 
0S37L 
0343? 
03499 
03riCl 
tJ3623 
C36S4 
0S74e 
0380^ 


C30&C 
0398^ 
04053 
0411€ 
04176 


C4238 
04208 
043  ej 
04421 
!^^^^ 
04544 
D4f5C_ 
D4fl6^ 
C4727 
04786 


04850 
04911 
04072 
05039 
Oj>n93 
05lM 


7r|^Ugini,[ 


P*P. 


6.5 
7^6 
8-B 


G4 

6-4 


iO-eiio.e  10 
21  8,21  521 
32  5,32-0  31 

S4 


G3 

7-3 
'4 

.4 
.5 
0 
5 


-1142-6142. « 


61? 

m 

6,2 
7  ? 

6. J 
7- 

= 

8.S 

8 

0^. 

9. 

10. 
20. 

10^ 

20. 

31.0 

SO. 

! 

41  4 

40. 

^ 

51.1 

50. 

i 

fit* 

58 

e 

5.9 

B.fiJ 

7 

6. 
7^ 

6 

1  r 

8 

7 

if 

9 

8, 

8 

7 

18 

8. 

9 

1 

£0 

19. 

19 

3€ 

20.  S 

29 

4C 

39  5 

3« 

6 

6D 

49.1 

48 

3 

5C 

5 

6 

7 

3 
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18. 
28 
37. 
46. 
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5  5 

8 

7 

i 
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38 
27 
86 
45 
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57 
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19.0 
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47-9 
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a 
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B 
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19 
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36 
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30 
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33 
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36 
36 
37 
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39 


40 

41 
4S 

4a 

45 
4& 
47 

4a 
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50 

51 
53 
53 

55  9 

56 

57 

53 

5$ 


ga 


&052g 
O0575 
O0630 

■ooeB4 


00794 
DDB4I 
001^03 
00967 

01011 


55 
54 

'A 

55 
54 
51 
54 
54 
51 
54 
54 
55 
54 
54 

?i39|)  It 

i  54 

54 

4 


OlDBR 
01120 
01171 
D122& 
Qlg«3 
01337 


014+5. 
01 499 r 
015541 


01603 
01062 
01715 
01769 
Q1821 


0187? 

oiasi 

OIQ85 
00031 
020&2 


02146 
021»e 
02253 
02307 

q2ifo 

02414 
03467 
03521 
02574 

02627 


oseai 

02734 
02787 
►03840 
02804 


02947 
03  000 
OS053 
0310^ 
0315fl 


03213 
03365 
03318 
03371 
0342^ 


0347fi 
03529 
03Gi2 
03634 
03687 


*   Lg.Vers.   i* 


9  03^ 


LogpEjts, 


05154 
05215 
05276 
06337 
05398 
05153 
05519 
05580 
05B4& 
05701 
05762 
05333 
05983 
05043 
06004 


0fi064 

oei2i 

OfllB5 

0624! 
06305 


063  6S, 
06436 
De48Ei 
06511 
Ofl^QB 
036(^7 
06727 
06737 
05847 
06907 


03967 

07037 
07087 
07146 

0720{i 


0736^ 
07326 
0738g 
07445 

0750f^ 


07565 
07624 
07684 
07743 
0780:i 
07863 
07921 
07931 
03O41 
03100 


03160 
0S219 
0827B 
0833B 
08397 


08450 
0851  ?i 
08574 
08534 
08603 


9  08753 


n  Lg.Vars.    li  Ug.Exs. 


03740 
03793 
Ocl845 
03393 

03955 


04005 
04065 
0410? 
04160 

0421J 

04364 

043 

04369 

04421 

04473 


D452S 
0457? 
04630 
046B2 
04734 


04786 
04837 
04ft8^ 
04041 
04993 

05045 
05097 
05141 
05200 
05252 
05303 
0535^ 
05407 
05451 
0B51O 
05561 
05613 
053fli 
05715 
05767 


os&ie 

0586^ 
05921 
05^72 
0803^ 


05O7| 
06136 
061 7  P> 

0632? 
06279 


06330 
Oe38?5 
0643T 
06485 
06535 


i>  CTPi 


0658t 
06i35 
0868f! 
0673*5 

0678J 
06^38 


era* 


08752 
08311 
08370 
08939 
08983 
09047 
0910e 
08161 
092  3| 
08282 


0&341 
09400 
09458 
00617 
0_95_76 
09634 
05693 
09752 
09810 
05869 


09927 
03930 
10041 
lOlOg 
10161 


10315 
10278 
10336 
1039J 

10455 


1051 1 
10569 
10627 
10665 

loaol 

10359 
1091? 
10975 

una? 


llOfil 
11145 
11207 
11365 
11323 
MZi^ 
1143& 
11495 
11554 
11611 

iiee5 

11727 
1173^ 
11842 
lljfl^ 
11957 
12015 
12073 
1212§ 
1213f 
1324^ 


1)  jGgT&s! 
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z> 


p.  P. 


6] 

GO 

5U 

6 

61 

60 

5-9 

7 

7  1 

7.0 

8 

\ 

3 

3  1 

8  0 

7 

9 

9  1 

9-0 

£ 

10 

10  1 
20. B 

10.0 

9 

30 

20. 0 

19 

30 

30.5 

30  0 

39 

fi 

40 

40. 6 

40  0 

39 

a 

50 

50.6 

50.0 

40 

1 

5H 

5. a; 


?l  6 
7  7 
7    3 

i!  9 
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SI  47 


9 
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27 
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50  45 
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6 

7 
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1 

2 
3 
_4 
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B 
7 

_9 
10 

11 
13 
13 
14 
IS 
le 
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^3 
19 


ObSSS 

•06939 

•07040 
-07091 
.07141 
07192 
. 07242 
07293 
07343 

■  a739-i 

07444 
07494 

07544: 
075^4 
07644 
07bH5 
07745 
07795 


20 

21 
22 
23 
^4 
25 
26 
27 
28 
29 
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31 
32 
33 
34 
35 

37 
38 
39 


07345 
07B95 
07945 
07995 
06045 
0E09!> 
0B145 
08105 
03241 
08294 


08344 
08394 
OH  443 
08493 
03543 


03592 
08642 
OS  69 1 
08741 
08790 


40 
41 
42 
43 
44 
45 
46 
47 
48 
iO 
60 
61 
52 
63 
54 
55 
56 
57 
5B 
59 


L)8S4Q 
08(^89 
08939 
08939 
09087 


09037 
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09185 
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75160 
75302 
75243 
75?Bfi 


753 
7537i 
75413 
75455 

7549_7 

75539 
75581 
75823 
7&86a 
7B707 
7  57  50 
75792 
75834 
75876 
7591fl 
759  Sff 
78002 
76043 
7608n 
7Fi1^ 

76171 
78213 
7B255 
78^197 
78339 


70381 
76423 
76461 
76507 
78  54^ 


76592 
76634 
76670 
7fl718 

76760 

76802 
7034^ 
7^8"^ 
76923 
7fl_97j 
9  77012 
Log  ExSh 


Lg.  Vw^. 


9  55900 
^56928 
58953 
.56971' 
-57001 

1 . 67032 
. 57058 
. 57085 

■  57111 
57138 

.57184 

57190 

.57217 

■  57243 
57289 


I*  Logf.Ena  J> 


. 57298 
■57322 
.  57341 
-57375 
. 57401 


.67427 
■57454 
>574fiO 
■ 5750e 
. 5763^ 


.57559 
■57565 
.  57flli, 
■57837 
^57601. 
'5769^ 
.57716 
■57743 
. 57783 
^77  94 
■57321 
.57B47 
57873 
.57899 
■  579^3 


/'  riTv; 


57961 
57977 
58003 

■  58029 

r5ao*2 

■58]08 
■58134 
.58160 
■58181 
■51332 

58238 
-  58264 
■ 5328G 
. 51316 

58342 

■  R836 
5839! 

.584iL 
_5il4Jl5 
5fi47t 


9  77013 
77055 
. 77097 
77139 

■77181 


9  772^3 
77265 
77302 

-  77343 
■77391 


B. 77433 

77475 

77517 

77580 

77_602 

9.77644 

-  77686 

77738 

.77770 

■77812 


9-77854 
'77895 

*  77838 
.77980 
^78032 

9  - 7SC6I 

*  78107 
-  78149 

73191 
7B933 
78275 
78317 
78359 
78401 
T_844^ 

7e4B[j 
78527 
78589 
78611 
786fi^ 


73896 
78738 
78780 

78  82  2 
78164 
78908 
78948 
78f9i1 
79032 
.7J07I 

79  FH 
7916g 
7930^ 
79242 
792i5 
79337 
79369 
79411 
79453 
794^5 

Q  79537 

~6vr 


27 
28 
29. 
30 
31 
32 
S3 
34 
35 
36 
37 
SB 
^,39 
45  TT 


P.P. 


8 
7 

I 

10 

20 
30, 

40: 

50 


4» 
^■2 


4. 
^■« 

e.3 

7^0 
HO 
21.0 
28^0 


35-435  Q 


2? 

6    2-? 
"    3 

3 

4 

4 


2 

2 

% 

3 

1 

3 

5 

4 

0 

4 

4 

R 

^ 

13 

i 

17 

l23 

1 

37 

U 
U 

^■9 

9-0 
135 
18-0 
22  5 


2G 

2 
3 
3 

II 

8  6 

13  g 
17  J 

21^  a 


2\ 

2.S 
30 

!;! 

12  ■¥ 
17. 0 
31^3 


tt: 


TABLE  VIII.— LOGARITHMIC  VERSED  SINES  AND  EXTERNAL  SECANTS. 
68°  63° 


tUR 


TABLE  Vrn.— LOGARITHMIC  VERSED  SINES  AND  EXTERNAL  SECANT 
■■51°  55° 


Lg»Vefs-   />  U^.Exs.  />  Lf.Vew.   ?>  Ug.Ests.   n 


P.  P, 


u 
1 

2 
3 

5 
8 
7 
8 

JO 

II 
12 
13 
11 
IG 
IB 
17 
IS 
1ft 


20 

21 
22 
23 
24 
25 
26 
K7 
28 
2B 
£lf> 
31 
3^ 
33 
34 
35 

se 

37 
3d 
39 


40 

41 
12 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
S3 
94 
55 
Gfl 
37 
5S 
Bi 


61512 
ei&37 
ei562 
AI38C 

flieiT 


61636 
ei66l 
flI3SE 
617IU 
61733 

01760 
61785 

6isa$ 

0183^ 
6J,85| 
6188^ 
OiaQB 
61Q3^ 
81957 
61SS^ 


620(16 
62031 
6305| 
6S0B0 
63105 
63129 
62154 
62178 
62203 


62253 
6227^ 
62301 
S232B 
62350 
6237^ 
B2399 
62423 
5244R 
&247g 


R^497 

62521 
62548 
02575 
B25i| 

62619 
62645 
6266a 
62695 

62716 
62741 
S27ft5 
62789 
62914 
62^3^ 

62865 
62887 
6291  _ 
6293  f) 

6296n 


B459C 

8^63:: 

84675 
B4717 
84753 
8460] 
84343 
84860 
6492B 
84370 


8S013 
85051 
85067 
85139 
85161 
85223 
85265 
85308 
85350 
85391 


35434 

B547il 
85519 
85501 
8  5  60S 


85645 
65686 
85730 
6577S 
8581? 


85857 
8589^ 
85941 
8598! 
86026 


66068 
86110 
86152 
86195 

86^3.7 


L^ 


aB27G 
8  63  21 
8G364 
86406 
86445 
8S490 
86533 
86575 
86^1? 
8^659 
'86702 
66745 
88786 
86829 
86171 
66913 
86956 
86998 
87D4(} 
87035 
871  ?5 


62984 
63008 
6303^1 
63057 
630B1 


63105 
63125 
63154 
63178 
6^202 
6322| 
63350 
69271 
63209 
83323 


6334Z 
63371 
63395 
63419 
6344!i 


63468 

634^2 
63518 
B3540 
63564 


6^5^.8 
63612 
8383^ 
63660 
63684 
63708 
8373^ 
63750 
83785 
6380? 


6S823 
6385S 
63676 
6390O 

033M 


63948 
63972 
63^96 
64011 
64043 

64067 
84091 
64115 
64188 
641 83 


64187 
64215 
64234 
843  5  S 
642  B  2 


J>  log,  E.«s 


6430e 
64330 
643  GS 
64377 
64401 
644^15 
etfi 


S712& 
87167 
87209 
87252 
672S4 
"67336 
87379 
87421 
87463, 
87^06 
87548 
87595 
87633 
67675 
_B77l9 
87760 
8780^ 
67844 
87887 
87931 


97971 
88014 
88D5G 
88  09  9 
88141 
8fil83 
68236 
9826S 
88310 
88353 


8839!} 
68438 
6848^ 
68522 
18165 
6860? 
88650 
686Si 
88734 
88777i 


88019 
B8B62 
8890^ 
88947 


Lirv 


9  H9fifi^ 


n 


5.6 
64 
lOl  7  1 
20  14  1 
30  21  S 
40i2S^? 
60i35-4 


4fS 

4-3 

4.9 

5.8 

6.3 

7  0 

14^0 

21,0 

28-0 

35.0 


2n 

2  5 
2.9 

3  " 


7 
8 

10 

20, 

30  12  £12 

40  16  Itie  _ 

60120  8^20  4 


3,7 

11 

I  8^3 


1 


2 

2- 

3/7 

4 

8 


^.^. 


TABLE  VIII*— TX)GAIttTFfMlC  VERSED  SINES  AND  EXTERNAL  SECANTS. 
Se"  57° 


u 

I 

3 

A 
& 

6 

7 

& 
J 
10 
11 
12 
13 
JJ 
15 
le 
]7 
IS 
il 
20 
21 
22 
23 
24 
25 
26 
27 
2K 
2fl 

ai 

33 
84 
35 
3d 
37 
3fl 
39 


411 

41 
42 
d3 
44 
45 
46 
47 
48 
49 

hit 

51 
6^ 
53 
54 
55 
5G 
57 
5S 


U.V< 


efSi 


B4425 

64473 
644B5 
64520 


64545 

e4!i67 
645fll 
64515 
e4ft3H 


64efl2 
646J!5 
64705 
64733 
e_47_5| 
64780 
64B04 
64127 
fi4B51 
64B75 


a4B9S 
B4Q22 
649  4  S 
64961 
gi999 

65016 
65040 
65063 
65087 

e5134 
65157 

65181 
85204 

R5J33S 


65251 
65275 
65298 
6  5321 
65345 


65368 
6538^ 
65415 
65439 
ft_54fl2 
6548^ 
65509 
65535 
65556 
«5579 

65605 
6562? 
65649 
B5672 
B5696 


6571 S 

65745 
6576B 
65789 


J*   Ug.Exs, 


89668 
89711 
69752 
89796 

69681 
89923 
89S6C 

&ODC'S 
90051 


90094 

90179 
90221 
90264 
90306 
90349 
90391 
90434 
90476 


9Q5L^ 
90561 
90604 
60647 
906Sg 


90732 

60771 
90617 
90B5C 
9f>9p;2, 
90945 
90969 
91030 
91073 
91115 
91158 
9120S 
91243 
61286 
91  ^"^^ 


J>  Lg,  Vp".    "  Lejg-Ei«s 


91371 
91414 
91456 
91499 
91^4T 
916SI 
91627 
91B69 
9171^ 
91755 
61797 
9184?! 
91863 
9192*1 
9l9nfl 


92011 
62051 
&209r^ 
92}3!5 
P2J^2, 


f£^f  l^ffrs.f  ^^  fLog.lx^. 


9  6563^ 
65659 
6586L. 
6590^ 
659^ 
65952 
65975 
65  69 1 
66021 

66066 
66091 
66114 
66137 
66165 

E6183 
66207! 
66230 
B6253 
65276 


6629D 
66^2^ 
6B34B 
66361 
66391 


66415 
66436 
66461 
66484 
66507 


6 6530 i 
6B563 
66576 
66699 


66645 
6f3666, 
66661 
66714 

mm 


66760 
66783 
B6B0| 

66657 


66  67  J 
66897 
66920 
6B943 


66969 
6701? 
67033 
07057 
6708?^ 

9   67103 

^67176 

67143 

67l7t 

_67m 

9_B72n 


Lg.Vergt 


924S& 
^924ai 
^92524 
.92566 
926QJ 
92653 
92695 
92737 
^92760 
_£2833 
92866 
92909 
92951 
9299Ji 
93037 


1^ .  ^Anl- 


^ 


P.P. 


43 

5 
5 

6 

7  _ 
14- S 
..  5 
28 -B 
35. S 


6-4 

21  5 
26  % 
IS.  4 


«4 

2<l 

6 

3-4 

2. ft 

7 

a.e 

3  J 

e 

3-2 

6  1 

9 

3  6 

3  5 

10 

4.0 

3-9 

30 

s.o 

7  S 

ao 

l2-€ 

117 

40 

Ifl  0 

15  ft 

GO 

20-0 

19  6 

sn 

2^ 

6 

2  3 

3^ 

7 

u 

2- 

8 

3 

9 

3-4 

3- 

m 

3-ft 

3. 

20 

7^^ 

7 

30 

11.5 

11^ 

40 

19  1 

19^ 

50 

18^ 

'ABLE  VlIl.^tOGAKITHM  W  VERSED  SINES  AND  EXTERNAL  SECANTS. 


*   Lg.  Van,   J>  Log.EjCB,    /* 


87217 

07240 

07263 

072S5 

673  dB 

9.67331 

.£7364 

-iTSTg 

67I53S   2^ 


■  &7&6' 
-  8798! 


^ 


&  9479$ 
^  94939 
■  U^S2 
.94925 
949ei 
95011 
95054 
95097 

05i4g 

05183 

9532C 
95269 
95313 
9535B 
95319 
95442 
95485 
95538 
95571 
95i^>| 


95957 
96700 
95744 
95787 

95  un 

95^7!^ 

95916 
95951 

seoo;] 

98046 

^,96039 

96L3g 

96173 

962ig 

96381 


a. 96305 
^9634a 
96391 
.96454 

-96*7J 


9  96531 
965&i 

96601 
96650 

96m 

9-9B737 
96719 
96834 

96Sa7 
9f!^if^ 


9-96953 
-&6997 
.97040 
, 97083 
-&7127; 

9  97170 
.97315 
97257 
.97100 
97341 

9  ■  97BJ?7' 

LopTExsT 


Lg>Vers, 


9.eS571 
B8593 
50315 
8883? 
^6860 
606113 
60704 
63737 
68749 
68771 
63705 
63016 
6S838 
66865 
63832 
63905 
68937 
6304^ 
08971 
639^^ 


69016 
69080 
09080 
69081 
09104 


68126 

esua 

09171 
69215 


68237 
69259 
69231 

69303 
66315 
69347 
60Sa^ 
83392 
69414 
39436 


9^09458 
0H0O 
S9602 
00524 
09546 
09568 
69890 
69012 
690S4 
69fl56 
69670 
69700 
6972! 
6974^ 
697B5 

9  - 697Bf 
69001 
6903 
09053 
09075 

<^.ft9ft97 


Ig^  Ven, 


n 


Log.  Ext.  J*    ' 


973S7 
97430 
07473 
97517 
97^65 
97  60S 
B7647 
07695 
97734 
B7777 


07020 
07064 
97907 
07951 
97904 
980S8 
9BD0I 
90135 
90168 
98211 


9B2&8 
9020g 
98842 
O03BB 
90429 


9647^ 
^80 10 
9S5E0 
03002 
98647 


38690 
98734 
6877t 
98821 
98  0M 


98908 
90952 
90^05 
99039 

9903? 


99126 
90170 
9031S 
90257 
9030P 


99341 

90308 

90431 

99475 

99519 

0.9956^ 

.99606 

.99050 

■09091 

_.991S7 

0  097BI 

.  9902] 

.  9908L 

,99915 

9^99^56 

Log:- 1 


P.P. 


44 

4 

0 

5 

0 

7 
14 
33 
30 
30 


4  S 
51 

7.2 

21.? 
20-0 
86.3 


43 

4^3 
^.g 

0.| 

14'! 
31  I 
20  .J 


23 

3  3 
2 

3 

1 

3 

7 
U 
16 
19 


2f 

2  S 

I:* 

16  Q 
18^7 


2? 

2 

2 

2 

8 

3 

7 
II 
14 
10 


1^ 

v. 

!i7*e 


tt: 


TJ 
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TABLE Vlll.— LOGARITHMIC  VERSED  SINES  AND  EXTERNAL  SECANTS. 
60°  61** 


5B 


Lg.VeraJ  n    Log,  Ex s  J  D  Lg.Vers*  Z>   Ug,  Exs.    /> 


■  70441 

-  70483 

■  70485 
■70507 

70B2B 

-  7Q550! 
..70!;72 
.70593 

70&15 


10. 


10r02&3^ 


9  7U&7 
712UJ 
712^^5 
71261 
n283 

9  7 iao4 
7ia25 

7lS4e 

7i3es 

71389 


9-7U11 
7143^ 
71453 
71475 
114#e 

71517 
715^9 
7lBfl5 
71B8I 
71S03 


71B24 
71845 
71 667 
71888 
71709 
71730 
71752: 
71773 
717fl| 
11H15 
7183' 
718fi8 
71B79 
71900 
XIB22 
9.71941 
71961 
71&85 
72005 
7?D28 


9.72049 
72070 
720^1 
7211^ 
73133 


9. 72 L 54 

*  73176 

.72107 

■7221S 

^2239 

9.722G5 

.722S1 

.72302 

■723?^ 

^7234! 

9^72365 

723SS 

7240B 

7243a 

72460 

9  73471 


10  02639 
0^684 

02728 
02772 
02816 


10 


10 


10 


10 


10 


10 


10 


10 


02861 
02905 
0291& 
029  94 

030341 


03083 
03127 
03171 
0321 5i 
032  60j 
03304 
03341 
03393 
0343^ 
0348 


03626 
03576 
03615 
03653 
0.3704 
C374S 
03793 
03837 
03B8I: 

03970 

04015 
04055 
04104 
04149 


04193 
04238 
0428§ 

04327 
r>^3?I 


044^6 
04461 
04fiOG 
Q4BS0 
04593 


0463^ 
04584 

0472S 
04773 


04|if5 
04907 
04967 
0499^ 

^504! 
05C8P 
0513_ 

0517fi 
05220 
05265 


o 

I 

2 
3 

A 

5 

e 

7 
8 

ti 

12 
13 
M 
15 
16 
17 
18 
19 
20 
31 
22 
23 

25 
26 
27 
38 
29 
30 
31 
32 
33 

35 
36 
37 
38 
39 

40 
41 
42 
43 
U 
45 
46 
47 
43 

J9 

50 
51 
52 
63 

_54 
55 
56 
57 
58 
59 

GO 


P.  P. 


45 

a 

4-d 

4  4 

5-a 

^{ 

00 

e.? 

8  7 

7.5 

7  4 

150  14. 1 
22  5  22.3 

30  0  28  S 

37.5  37-1 

44 

e 

4  4 

7 
8 

li 

9 
10 

U 

20 

14^^ 

30 

22-C 

40 

29 . 1 

50 

22 


2 

2 

3 

^•' 

o 

9 

3 
3 

I 

7 

3 

U 

0 

14 

ft 

IS 

3 

43 
4  3 

n 

14. g 
21-7 
29  D 
8(tJ 


U 

3  2 

10  J 
14  3 
L7.a 


21 

U 
U 

10.  S 
H-0 


^^^/tJJTE 


:X$t 


D 


Ig-Vers, 


|\.og.  ^T,%\  I> 


F*P. 


022 


TABLE  VIII.— LOGARITHMIC  VERSED  SINES  AND  EXTERNAL  SECANTS. 
63**  63° 


Lg.Vers.  J>  Log.  Exs.  J*   Lg.Ver^.  J>  log.  Eks. 


P-P. 


. 7309 B 

.7311^ 
-73140 
.73161 
. 73X81 


.73202 
-73223 
. 73244 
^73205 
■732B5 

73327  f 
.73343  i 
73361  " 


.733B9 


-73433 
.734&I 
.73472 
■  73413 


21 


h 73513 

*  73534 

■73556 

,73575 
^7350_6 
f,  73617;  1^ 

-73653 
.73679 
-7369^ 


■737Bn 


10  05310 
05354 
05399 
05444 

P!?^89 
0553'! 
05B79 
•05623 
05663 
05713 


10 


10 


10 


10 


0575B 
O5S03 
.05848  ,. 
0589S;1? 
05938*; 
45 
45 

45 
45 
45 
45 
45 
45 
45 
45 
45 


05963 
06028 
06073 
Ofill7 
06165 


06207 
06252 
0639? 
.06a43 
06367 


10-06432 

06477 
065 
0656B 
0R613 
10  06653 
.Of57D3 
*03748 
-067S3 
.06fl3j 
1D.06B63 
169:^1 
06974 
070L9 
07064 


lO.OTlOil 
07154 
O7200 

07245' 
07290 


10 


07335 
0738S 

.07426 
07471 

0751fl 


10 


10 


jLg.  Vers,]  i> 


07562 

07807 
■0765^ 

07697 

07743 
"0778i 

07B34 
.07679 

0752? 

O7970 

10  OBOlB 


^1  46 
45 

45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 

tl 

45 

45 
45 
45 
45 
45 
45 
45 


U^-  Ej(5pJ  I^ 


73720 
73740 
73761 

737B3 
73602 


736113 
73843 
73864 
73883 

73905 

73926 
7394S 
739G7 
73&8? 
74008 


7  402  a 
74049 
74069 
74090 
7411S 


74131 
74161 
74173 
74192 
74213 


74233 
74254 
74273 
74294 
74315 


74335 
74356 
74376 
7439g 
74417 


74437 
74456 
74479 
7449S 

74519 


7453  a 
74559 
74580 
7460e 

74620 


74641 
74661 

74661 
74702 

74722 


9  74945 


10  08015 
^08061 
08106 
06151 
^8107 
0S24S 
06266 
06333 
06379 
0642^, 


10 


10 


10 


08470 

06515 
06561 
0860G 
06662 


10 


10 


10 


10 


00841 

ooaen 

09932 
0997S 
10024 


10075 
10116 
101 6  S 
1D20S 
10264 
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i2i 

129 
129 

129 
130 
12§ 

130 
130 

131 
131 

13T 
131 
132 
132 
133 
133 

lar 
i3i 
184 


log.  E 


,og.  txs. 


P*P* 


130 

e 

13-0! 

7 

IB 

1 

a 

17 

S 

9 

19 

I 

lU 

21 

20 

48 

3 

30 

85 

0 

40 

36 

« 

fiO 

108 

3 

ISO 

12.0 
li-0 
lA.O 
18-0 
20.0 


40 

60 

90 

100- 


tlO 

eiii.o 

7I13J 

9  14.5 


100 

10.0 
11.6 
13  3 
15-0 
18. 1 
33-f 
50. 0 
66.  S 
83. S 


ilO 
7;0 
fl.O 
9'0 

io;o 

2011 
30(1 
40;  2 
60t2 


3      2 

0. 
0- 
0. 
0. 
0- 
0 

1 


1:1 


BO 


e 

l\ 

7 

1^7 

8 

1.9 

9 

2.2 

10 

3  4 

20 

4.8 

30 

74 

40 

9.6 

fiO 

12.1 

14 

l;l 

2 
2 
4 

7  0 

9.1 

ll'fl 


TTT 


633 


TABLE  VIII.— LOGARITHMIC  VERSED  SINES  AND  EXTERNAL  SECANTS 

84*  86° 


lg,V<Jrs,  i> 


O 

1 

2 
E 
_4 
5 
6 
7 

a 

10 

u 

12 

la 

14 

u 

15 
17 
18 
10 


2i> 

21 
32 
23 
34 
25 
26 
27 
28 
29 

ijn 

91 

3^ 

33 

34 

35 

39 

37 

35 

39 

4i 

41 

4S 

43 

44 

45 

46 

47 

48 

49 

5{} 

SI 

G2 

B3 

S4 

55 

56 

57 

58 


95205 

95210 
55233 
95247 
fl53Sl 


95275 
95:^89 
9530S 
95311 
a  5  331 
95345 

95373 
05387 
95401 


95415 
95429 

95443 
95457 

95^.71 


95554 
9556fi 

955eS 

9559G 
9561 B 
95021 
B563B 
95652 
956B6 
95680 


95465 
S5499 
05513 
95527 
Q554S 


95893 

95707 
95721 

95749 


95763 
95777 
95791 
95304 
95815 
9563^ 
9584^ 
95860 
95874 

95_a8e 

9S90l 
95915 
95929 
95943 
JI5957 
95975 
95984 
95995 
96012 
96036 


10.93281 
93416 
93551 
93581 

93B21 
93957 
94093' 
943  2  ^j 
94366 
94505 


10 


Log^Exs*  -D  LgiVers, 


10 


10 


10 


10 


10 


10 


94341 
9477B 
94917 
95055 

95194 


95333 
95473 
&5613 
9575i 

95834 


96035 
95175 
96316 
96461 
_9_6603 
96745 
9693!^ 
97033 
97177 
97322 
97467 
97812 
9775S 
97904 
98050 

98197 
98845 
9849^ 

9^540 
99780 


9393^ 
99097 
99237 
99337 
99533 
99685, 
99841 
99993 
00145 
00293 
O045l' 
00602 
00759 
009  U 
£1059 
01225 
01301 
01537 
01694 
O105J] 
030 10\ 


134 

135 
136 
135 
13% 
1S6 
136 
137 
137 
13^ 
13?' 
13S 
13t 
139 
139 
13U 
140 
14D 
140 

i4i 

141 

L4L 
142 
142 
143 
143 
144 
144 
144 
145 
145 
U5 
146 
146 
H7 
14f 
147 
1 

149 
149 
149 
150 
150 
151 
151 
151 
162 
155 
153 
153 
154 
154 
155 
155 
155 
156 
156 
157 
!157 


9  96039 

9605^ 

96067 

96081 

JI6095 

.96106 

.9612^ 

'96136 

96150 

-9616S 


9  96177 

-96191 
.96205 
,96210 
-96232 


9-9€246 
9625L 
96273 
96287 
96301 


96314 
9532B 
98342 
963! 
963G? 
9  96363 
96897 
96410 
96424 
96431! 


36451 
96465 
■9B479 
■9649^ 
, 96506 


9-96519 
96533 
96547 
96560 
95574 


9  96588 
96601 
.96615 
.9682i 
96643 


9  98656 

96669 

.96888 

96697 

j.BJ^lO, 

9' 96724 
9B737 
96751 
96764 
9677^ 


158 


/l^,  Vers,/^}Log.E^s 


9 . 96792 
96605 
■96819 
96832 
96846 

9  96859 


11 


Lisg.E)(s,  .J> 


11 


11 


02327 
02487 
02646 


02807 
029G3 
03129 
03291 
0345S 


03616 
03780 
08944 
041 Q8 

04273 
04431 

04604: 


11 


04771  1°' 
04938  f^^ 
OBlCel 
05274'iSS 

^^^^^   el 

05812  ^^^ 
05782 

05952 


11  06123 
06295 
06467 
06640 
06B13 


11-06987 

07181 
07336 
07512 
0768S 


11 


169 
170 

171 
171 
172 

173 
173 

174 
174 
175 
176 
176 
177 
17*? 
178 
179 
173 
380 
180 
181 
182 
183 
183 

lie 

10038'iJfif 
10223£;Bfl 


07865 
0S043 
06221 
08400 
08579 


11,08759 
08940 
09121 

09303 

_  09486 

11.09"669 

09853 


_  _._10409  ; 

11.1059^1 
-10783 
10971 
-11160 
■1134^ 

11^11539 

,11730 

11932 

.12114 

■  1230? 


11   12B01 


1S_ 
197 
3 

169 
189, 
190 
191 
191 
1921 
193 

I  IPS 


P.  P. 


Lg.  Vers  ,f?>1fnp!x^  V*^ 


190 

6 

19  0; 

7 

22^l| 

B 

25-3 

§ 

28^5 

10 

31   6 

20 

68^3 

30 

95-0 

40 

126^6 

50 

158.3 

1811 

18  0 

21-0 

24- 

27. 

30. 

60' 

90- 

120- 

150' 


170 

e 

17  0 

7 

19, S 

8 

22^6 

9 

25-5 

10 

28.3 
56-6 

20 

30 

65  0 

40 

113-3 

50 

141 -S 

150 

16,01 
17 


130 

9 

6 

13   0 

0-0 

7 

15   1 

I'd 

8 

17-3 

12 

9 

19-5 

1  a 

10 

21 .  E 

1.5 

20 

13-5 

3D 

80 

65  0 

4  5 

40 

68-6 

6  0 

50 

108 -g 

76 

7 

*5 

80  7 

0  8 

70S 

0  7 

80S 

OH 

915 

0  9 

101.1 
202-3 

10 

2-0 

160 
16  0 
18. 6 
21. S 
24.0 
26  e 
53-3 

eo.o 

106' fi 
183S 

140 

14.0 
16'3 
18  6 
21. 0 
23-1 
46-6 
70-0 
93 -S 

oiiiaS 
a 

n 

12 

18 
21 
4  0 

5. 1 


5 

0  5 

U 

0.^ 
0,1 


S03,5  3.0',2,B 
404  6  4.0  3-3 
50:5-El5-0l4.I 


l.| 
1-7 

l-S 
32 
2.4 

n 

9'€ 
13.1 


It 

1^ 

1  r 
11 

2-1 

1:1 
U 

M    P 


P.P. 


TAJLEyin,— LOGAltlTBMIC  VERSED  SINES  AND  EXTERNAL  SECANTS 


'    If,  Vers.   ^ 


Log-  Exs. 


n 


Ig,  Ver^H 


/J    Lotr.  Exs.    /* 


25733  ^^, 
2a04U  ^=1 

36SH  *''_ 

27D74  ^^5 
2733t  ^"t 

.28131  "^^ 
■    -  257 

turn  ^i 

-  29760  ll\ 
.30037  i;,^ 
30316  ?J^ 
30596  ^fl, 
^)E7g  ""^ 
q  ]  1  B5  itij 

.32S0fl^S? 

asaoo  "3^ 

33196  1^^ 

3^793  ^^° 
.34095  ^^1 

-34388  |gi 

.a532_i  r"^ 

^3594§i|ti 
.3657»f?^S 


P.    P- 


,B7197 
■97310 
97224, 
-97237 
.97251 


-97331 
.97345 

97358 
■97371 

973B'i 


■87599 
-97612 
■97625 
■B7839 
.97852 


O.B7665 


11 


li 


12501 
12696 
12S91 
1308? 
13284 
13482 
13&80 
1337^ 
HO  79 
14280 
14482 

15002,*^^ 
1&2&7"^^ 
20i 
2DG 
OS 


195 
195 
1S6 
190 
198 

i9e 

199 
200 
201 
201 
202 


9.97665 
^97679 
.97fl92 
97705 

.977LB 


15502 
15709 

15917j.^Qg 

1612rj'tVi 

18334. 

210 

211 


9  97732 
97745 
97755 

97772 
97765 

9 ■ 9T79S 
9781" 

97826 
97833 
97851 
9  978 64 
97878 
97891 
97905 
97917 


15544 
16755 
15967 
I71fl5 
17305 


17609  " 

17824  ■ 

18041 

13259 

13477 

18607 

1391? 

19131 

1936} 

19584 


19809 
20O34 

2oae! 

2048i 

20717 


20947 
2117a 
21410! 
21643 
21977 
22\V1 
22349 
2253^ 
22625 
23065 
3330fi 
23548 
23792 
24037 
34383 


24530 

24771 
25G28 
25275 

35531 

25786 


Log,  Ex 


13 
:]13 
214 
li 
15 
2H] 
218 

2ii 

21^ 
220 
221 
222 
223 
224 
23S 
227 
227 
223 
1^30 
235 
232 
23^ 
:!34 
235 
231] 
23? 
239 
239 
2-1 1 
242 
243 
245 
246 

347 

248 
350 
351 
252 

254 


9-97931 
97944 
97957 
97970 
97984 


9-97997 
.98010 
.98021 
.98036 
98050 


98196 
98206 
98221 
9823^ 
.98247 


9  98265 

96273 

98287 

98300 

9831 3 

9. 9^326 

.98339 

■93353 

■983ef 

,  983^8 

9  98392 

98405 

9R419 

98431' 

98444 


9   99457 

LeTVorT 


a 


u 


11 


11 


25  0 
29 
33 
37 


230 

6 

23-01 

7 

26 

8 

8 

30 

^ 

9 

34 

5 

ID 

38 

% 

20 

76 

fi 

30 

115 

0 

40 

153 

I 

60 

191 

^4U 
24^0 

32.0 
36.0 
40.0 

3[  ao-0 

0120. 0 
6 lBO-0 
S1200.O 


22 

25 

29 

33 

36 

73  . 
110,0 
U6-I 
183.3 


210 

20O 

6 

21.0 

20-0 

7 

24 

5 

23 

i! 

8 

23 

0 

26 

9 

31 

5 

30 

10 

35 
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33 

3 

20 

70 

0 

66 

E 

30 

105 

0 

100 

Q 

40 

HO 

0 

133 

3 

50 

175 

0 

16« 

S 

too 

19-0 
22.1 
25  3 
2a.  5 
31.5 
63  3 
30  95. 0 
40  126 .S 
50Ji53.3 


7i 


1     3 

-1,0^; 
-5  0- 
-S  O.i 
-60  ! 

.3,1.1 
.01,! 
I  2 


3  332.5 
1     Q_ 


0.2'0  1 
O.^iO.l 
0  30  1 
O.3I0  I 

0  310  L_ 

o.e'o  3iO 
1010  5;o.a 
i.|o  IjO^S 

1  Jlo^Blo.i 


0. 
0.. 
0-1 
0.1 


14 


13 

1-51 
16 
1.8 

n 

6.? 

90 

11  5 


13 

1.3 

1 

X 

1 

3 

4 

e 
s 

10 


Lg^V^rs.j  /> 


IP 


n 


0*35 


?.^. 


TABLE  VllL— LOGARITHMIC  VERSED  SINES  AND  EXTERNAL  SBOAJT] 
88°  &^ 


10 
11 
12 
13 
11 
1& 
16 
17 
IB 
12. 


21 
23 
23 
24 
2S 
26 
27 
28 
29 


ai 

32 

as 

34 
35 
36 
37 
38 


40 

41 
42 
43 
ii 
45 
46 
47 
48 
49 
50 
&1 
b2 
53 
§^ 
55 
66 
67 
SB 


Lg^Vers.   i>    Log.Exs 


»a457 
0847C 
fl&483 
93496 
935Gi§ 

9a54a 
93662 
93575 
93608 
9?601 
9S6U 
98627 
^8640 
~98e53 

eeeoe 

98379 
38^92 
987Q6 


98713 
38731 
38744 
-^8757 
38770 


a -98713 
.9879S 

98309 
■98322 

33335 


8  98643 
B83fll 
38374 
9aB87 
98900 

9  98913 

6893^ 
38951 


98977 
9898^ 
990G1 
9901S 
9&C39 
8  ^9042 
99056 
W0&3 
99081 
99093 
99105 
B9H^ 
99133 
G9U5 
99158 
99171 
99134 
99197 
fl!J205 
9922^ 


11.44175 
. 44561 
-44931 
.4631S 
-45699 


11.4303S 
■4B430 
■46876 
■47375 
4737? 


11 ■48085 
^48493 
^48906 
.4932; 
■  497  4i 


11  5013S 
.50692 
■51023 
^5U6i 
>6190i 


11   62351 

-  52301 

-  53I25& 
.53713 
.54176 

11-5464^ 
.5SI13 
■56693 
.53073 
,56563 


L1^570fle 
57554 
53068 
53337 
.&?^32 
59602 
60129 
60663 
61202 
6174? 


U 


11 


62300 
32360 
33425 
3309B 
34679 


65167 


657*1 
683aS 
66978 
_-67S9fl 
1-68257 
68835 
69511 
70163 
70634 


11^7160l 
72191 
7239: 
73600 
7431 S 


Goh  d^p.7^1  ^^h  }    75050 


n    Lg.Vers, 


376| 

37^ 

38; 

386 

389 

392 

395 

398: 

402 

406 

40S 

413 

417 

4;?0 

425 

42r 

43; 

48_ 

44D 

44 

44 

464 

468 

463 

43 

47; 

47' 

48 

48> 

499 

493 

604 

509 

515 

52G 

527 

638 

53r 

64i 

963 

669 

686 

973 

981 


If 


9.992^5 
99243 
■99201 
.99274 
99237 


9 ■9^291 
9931- 
9QSS 
99338 
993  6 1 


99363 
99875 
99339 
99402 
99415 


9942S 
99440 
9945  a 
99486 
99479 
99491 
9060l 
99S17 
9968C 
99543 


9965e 
99665 

99581 
9959d 
9B50& 
99^1 1 
9963^ 
99645 
9935? 
9Bfi70 


99683 
99695 
997DI 
99721 
997S4 


9974S 
99759 
99772 
90784 
.9_979? 
9  99310 
■99323 
■99335 
.99343 
■  99861 


9.99373 
99386 
99399 
99611 
999?4 
99937 
S9949 
99902 
99974 
99987 


10  OOOQD 


ipn 


Lcig.Exs. 


11-75050 
■7579^ 
■78547 
■77316 
_J8097 
il -  78395 
■79702 
■30537 
.31367 
> 33233 


11.8S09S 
83983 
84894 
85821 
86766 


11 


11 


13 


12 


13 


12 


87736 
88724 
89735 
90760 
9_1J29 


92914 
940  2  g 
96167 
96338 
91541 
98777 
00048 
01353 
02707 
0409  S 


05535 
07020 
08  55  7 
10149 
11301 


13517 
16302 
I7le! 
191CS 

2113.9 


23271 
25611 
27372 
3036? 
3^013 
35629 
8863? 
420  6  B 
4665? 
49349 


53501 
560B§ 
63317 
69029 
75736 


12-636^7 
.93371 

13.05377 
^23499 
.53315 


\nfaulv 


1>  \\ja^\JA 

"So 


n 


74S 

751 

7fii 

76: 

79 

801 

825 

840 

856 

372 

395 

903 

927 

947 

967 
989 

loog 

1034 
1059 
lOB 
111" 

li4i 

1171 
1203 
1236 
1271 
1801 
1349 
I39I 
1431^ 
1485 
1537 
1692 
1352 
1716 
1785 
1861 
1943 
2033 
2131 
2246 
2361 
2496 
3645 
231^ 
3000 
8231 
346 
379 
4161 
468L 
513? 
5811 
670 
7931 
9704 
12S06 
1762T 
30116 


V 


P*P. 


»». 

13 

l.ft 

1. 

i-e 

18 

U 

ti 

10^ 

Ai 

1^- 


10.4 


TABLE IX^NATURAL  SINES.  COSINES* TANGENTS.  AND  COTANGENTS. 


mf-wf 


<eisi 


TABLE  IX.— NATURAL  SINES,  COSINES,  TANGENTS,  AND  COTANGENTS. 


Sin.     [  d.      Tan,    I  iJ- 


Cot. 


Cos.    ,1  d 


P.  P. 


10  0 

ID 
20 
30 
40 
&0 

11  t) 
10 
20 
30 
40 
50 

13  U 
10 
20 
SO 
40 
50 

13  <J 
10 

30 
40 
50 

14  0 
10 
20 
30 
40 
50 

15  (], 
10 
20| 
30 
40 
50' 

16  O 
10 
20 
SO 
40 
50 

17  0 
10 
20 
30 
40 
50 

18 
10 
30 
30 
40 
50 

19 
10 


U'i7riti 


01765  ^. 
0,1793  ^^^ 
0  1622 
0  IS  51 

0  137§_ 

0  193fi 
0.1»B5 
0  1903 
0  2022 
O_2O50 


L>>17ii^i 


(>'2071> 


0-2107 
0-2130 
0  2161 
0-2193 
0  2221 


0.2273 
0  2306 
0  2334 
0  2362 

0_2391 

02447 
02475 
0  2504 
0  2532 

0  2'^3n 


o> 


TiSH 


0  2616 
0  2644 
02675 
02705 
0  272B 


0-2781 

0-2S13 
0  2840 
0  2363 
0  ?S^& 


0.2951 
0.2973 
0  3007 
0  3035 
0  3062 


f>iSl01K> 


0  3116 
0  314S 
03173 
0  3200 
0  3228 


0  o:jyf>fs 

0^  3283 
0  S310 
0  3338 
0.33B! 


^H 


0  1793 
O.I82I 
0  1853 
0   1885 

0_1913_ 

0  1974 
0  2004 
0  2034 
0  2065 
0  2095 


0  2156 
0  2186 

0.2217 
0  234? 
0  2278 


0.333S 
0  2370 
0  2401 
0  2431 
0 . 2462 


0.25'24 
0.2555 
0  2586 
0  2617 

02545 


t>at>?i> 


0  2710 
02742 
0  2773 
0 . 2804 
0  2S36 


t>^2H<i^ 


289R 

293D 
2902 
2994 

302S 


O-.tOfil 


0  3089 
0  3121 

0-3153 
0-3185 
0_32  ]  7_ 


0  3251 
0  3El5 
0  3346 
0.337S 
0  S41 1_ 
<i-344:t 
0-3476 
0-35OS 
03541 
0  3574 
0_  S607 


5.5764  . 
5  4B45:^1^ 
5. 3955  ^^^^ 
5  3093 
5. 2256 
f>  1 44?j 
5  065S 
4  9S94 
4  0151 
4. 8430 
4_7728 
4-7fJt<> 
4  538^ 
4  5736 
4  5107 
4  4494 
4.38S1 


4 , 2747 
4   219S 

4-1653 
4.1125 
4  OElD 


3-9616 
3  9136 
3 . 8667 
3. 8209 
3-7759 


'*■  7ll2n 


3  6891 
3 . 6470 
3  6059 

3 . 565B 
3  5261 


1-  IW74 


3, 4495 
3. 4123 
3  375^ 
3  3402 

3_.30_5_2^ 

3  23 7T 
3 . 204C 
3  1716 
3  1397 
3   1084 


2.8770 
2.8502 
2.8239 
2  7080 
2-7725 
2^7475 


83C 
SU 
787 
7^4 

742 
72l 
70l 
382 
564 
64g 
629 
«13 
597 
582 
568 
553 
540 
527 
515 
502 
491 
480 
463 
451 
446 
4a  » 
429 
425 
411 
403 
394 
387 
379 
37l 
364 
357 
350 
343 
337 
331 
324 
319 
313 
307 
302 
296 
29 1 
286 
281 
277 
272 
257 
265 
259 
254 
2^6 


0.1/H4W 
0  8843 
D  9838 
0  983S 
0  0827 
0.9822 


0  9737 
0  9735 
0-9725 
0  9717 
P  9710 


CM>70a 


9fi9e 
9B8 
988' 
-  967^ 
9f!6 


QflG^9 


0.9851 
0.964^ 
0  9131 

O'Sesi 

0.9620 


0-96I3 


0  9804 
O.959S 
0  9588 
0  0530 

0  9671 


lLiM<I3 


9554 

&546 
9537 
9525 
Mil 


9501 
949§ 
9483 
9474 

9_4J4. 

i*4/vr> 
944S 

9436 
9426 

9415 
9407 


50 
40 
30 
20 
10 

if  79 
50 
40 
30 
20 
10 

O  78 
50 
40 
30 
20 
10 

0  77 
50 
40 
30 
20 
10 

O  76 
50 
40 
30 
20 
10 

O  75 
50 
40 
SO 
20 
10 

0 
50 
40 
30 
20 
10 

u  73 

50 
40 
30 
20 
10 

0  72 
50 
40 
30 
20 
10 

it  71 
50 
40 
30 
20 
10 


3^     32     31 

1 
2 
3 
4 
5 
6 
7 
8 


3 

3^2 

3^ 

0 

6  4 

a. 

9 

9-n 

9. 

18 

12-R 

12. 

16 

Ifl-O 

15. 

n 

10-2 

13, 

23 

23-4 

21. 

26 

25.6 

24. 

29 

28.8 

27. 

20 

3  0 
6 
9 
13 

15 
18 
21 

0  27-1 


30 

3   0 


'*9 

2  9 


180  17 
21,0  20 
24.0|23 
27-OI26 


28 

2R 

1 

3-  U  28! 

2 

S 

I 

G.fl 

8 

A  A 

11 

t 

11-2 

14 

14. 0 

17 

1 

IflH 

19 

^ 

10^8 

8 

32 

1 

32,4 

9 

3J 

35.2 

27 

2 

5 

8 
10 
13 
IB 
18 
31 
24 


ID     9 


5i5 
66 
7;7 
88 


8 

0  8 
l^ft 
3  1 


10 
21 
32 
43 
53 
64 

7  5 

8  6 

9  8 


7     6 

0'7|0.B 

4  1 
lU 
8|2 
53 
2 


5 

0.8 

1.0 
1-6 
2.0 
3  5 
30 
3-5 
4-0 
;4<5 


t^ 


tt: 
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[an. 
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TABLE  IX,— NATURAL  SINES,  COSINES, TANGENTS.  AND  COTANGENTS. 

30°-30° 


Sin.     1  d 


Tan^ 


Cot. 


Cos. 


P.  P. 


20  O 

10 
20 
30 
40 
50 

10 
20 
30 
40 
GO 

22  O 
10 
20 

40 
SO 

23  0 

10 
20 
30 
40 
50 

24  O 
10 
20 
50 
40 
50 

35  0 
10 
90 
30 
40 
50 

^e  0 

10 
30 
30 
40 
60 

37    U 

15 
20 
30 
40 
50 

25  0 
10 
20 
SO 
40 
60 

29  0 
10 
20 
30 
40 
50 


S447 
3475 

3502 
3529 
3556 


0  3f>^:j 


sen 

3638 
3695 
3692 
3719 


O  ;J7JfJ 


0  3773 

0  3aoo 

0  3a27 
0  3B5S 
0  3BB5 


0-3JMJ7 
0  3934 
0  3fl61 
0  3997 

0.40H 
04041 


uifn 

40  S  4 

4120 
4147 

4175 
4200 


i^'  I'lai 


0.42j2 
0.427y 
0  4305 
0  4331 
0  43fi? 


o  i;is:! 


0-4410 
0  4436 
0  4462 

0.44SS 
0-4514 


O  4. ^40 


0-4566 
0  4591 
0  4817 
Q  4643 

Q.4flfi9 


0 • 472b 

0 . 4746 
0  4771 
0  4797 
0  4822 


(1-4848 


0  4375 
0  4390 
04924 

0  494§ 
0.4975 


0  3672 
0.3705 
0 . 373S 
0  3772 
0  3S05 


0.3B72 
0-3905 
0  3939 

0-3972 
0.400?^ 


0-4O40 


0 • 4074 
0  4108 

0-4142 
0-417g 
Q  42)5 

a- iv*4J 


0-4279 
0.4313 
0  4348 
0.4333 

0-4417 


(r.ri.'i:^ 


0  4487 

0-4522 
0-455^ 

0  4593 

0-4627 


O  4n<i3 


0  4S9g 

0  4734 

0-4770 
0  480g 

0-4841 


t>.  i877 


0-4911 
0 . 4949 
0  4986 

0.5022 
0 . 5Q5B 


0-5132 
0-5169 

0-5205 
0  5242 
Jli5?M 


0  5354 

0.5332 
0  5429 

0-548? 
0^5505 


0  5581 

0-561?f 
05657 
0.5896 
0-5735 
f>-577^ 
Cot. 


7228 
698S 
6746 

6511 
6279 


5828 
5604 
53»S 

5171 
49  SS 

4545 
4342 

4142 
394S 
3755 


0  9387 
0  9377 
0-0386 
0-9356 
0  9346 
0  fm(j 


9325 
S315 
9304 

Q29^ 
6282 

0-9261' 
0-9250 
0  9239 

0  9327 

0-9216 


O  ft^05 


3369 

3132 
299E 
2816 

253? 


0  9195 
0  91B2 
0  R!70 
0  9159 
0  9147 


3^2,2400 


O  i^l35 


2285 
2113 
1943 
1775 
1809 


0  9123 
0-9111 

O-909I 
0-9087 
0 ■ 9075 


1283 

1123 
0963 

0809 
065i 


0352 

•  0204 
.0057 
.9911 
9758 


1  *m^o 


9347 
9310 

•  9074 
BMd_ 


8878 
3546 
8417 
.8290 
8165 

791? 
7795 
7875 
755S 

•  743? 


.7  ago 


247 

242 

23& 

235 

232 

228 

225 

22I 

218 

21s 

212 

208 

206 

203 

200 

L97 

19l 

192 

139 

187 

184 

132 

179 

177 

175 

172 

170 

1 

18& 

184 

162 

16^ 

168 

15& 

154 

155 

150 

14S 

1 47 

145 

143 

142 

14Q 

139 

137 

136 

134 

L35 

131 

130 

13g 

137 

12| 

124 

123 

122 

125 

119 

118 

117 

_17_ 


0.8897 
0- 

0- 
0. 
0 


8870 
8S5G 
B843 
it  HH2U 
0  8816 
0  8802 
0  8783 
0  8774 
0  8785 


O.H74fi 


8732 
8718 
870f 
8689 
3675 


(I  7U 

50 
4fi 
30 
20 
10 

0  69 
50 
40 
30 
20 
10 

O  OS 
50 
40 
30 
20 
10 

0  67 
50 
40 
30 
20 
10 

0  66 
GO 
40 
30 
30 
10 

0  65 
50 
40 
30 
30 
10 

U64 
50 
40 
30 
30 
10 

0  63 
50 
40 
3D 
20 
10 

0  69 
50 
40 
30 
20 
10 

0  61 
50 
40 
30 
20 
ID 

O  60 


ao 

3A 

37 

36 

1 

3.9 

3.3 

3.7 

3 

2 

7 

B 

7  6 

7 

4 

7 

3 

11 

7 

11. 4 

n 

1 

10 

4 

15 

8 

15  2 

14 

8 

14. 

5 

19 

5 

19  013 

5 

18- 

€ 

23 

4 

22  8 

22 

2 

21. 

7 

37 

3 

26. 6 

2f) 

9 

25- 

8 

31 

2 

30.4 

29 

€ 

28- 

9 

35 

1 

34.2 

3a 

3 

32. 

35 

3-S 


35     34     33 


3  51  3 

7  0  6 
10  310 
14-013 

17-517 
21.0  20 
24.5I23 
28  0|27 

31  also 


a 

e 

ft 

la 

18 

19 

23 

326 


2? 

27 

26 

2S 

1 

2.7 

2.7 

23 

2 

2 

5  5 

5-4 

5 

2 

5 

3 

8.£ 

31 

7 

8 

7 

4 

no 

10-8 

10 

4 

in 

5 

13  7 

13- 5 

la 

0 

12 

6 

16-5 

18-2 

15 

e 

15 

7 

19  i 

la  9 

18 

2 

17 

8 

22-0 

21. 6 

20 

8 

20- 

9 

24-V 

24.  a 

23 

4 

22 

1^ 


14 

14 


13 

1.3: 


12 

1-2 


11    11 

l-Il-l 
2  32-2 
3-13  3 
4-6'4  4 
5^7|&.5 


10 


8-9 
0.5 

9  10. 


8-6 
7.7 
3  8 
9.9 


0 
0 
0 
0 
0 
0 
7  0 

a.o 

90 


TT^r 


'^aj^ 


TABLE  IX,— NATUEAL  SlKEa.  CC^ IN £S,  TANGENTS.  AKD  COTANQIOTB, 


Stn.      dn     Tan>    Id 


Cot, 


Cos. 


P.  P. 


auo 

lo' 

20 
30 
40 
50 

310 
10 
20 
30 
40 
&0 

32  0 
10 
30 
30 
40 
50 


n  5000  2^ 

3& 


0^773 


0-517S 
0  ■  5300 

0 ■ &2&0 
0-5371 


q  52<j» 


0^5324 
0.534fi 
0  537^ 
0539? 
0 .  5422 


33  0  g^  5  iig 


ID 

2d 

40 
50 
31 0 
10 
20 
30 
40 
SO 

35  0 
10 
20 
30 
40 
50 

36  0 
10 
20 
30 
40 
50 

37  0 
10 
20 
30 
40 
60 

3gO|Q 
10 
20 
30 
40, 
GO 

10 


0  5471 
0 . 5405 
0'5&19 
0  5543 
Q.55dS 


0  5mi2 
b  5516 
0-6e40 
0-6Dfl4 

O'Seea 

05712 


0.5&1S 

0  5851 
D.509Q 
0^5S2& 
O.5&59 


O  t*0(>8 


0  604B 
0  60&8 
0.B128 
0'€15S 
0  8208 


0- 01^48 
0  6^89 
0  0330 
0  6370 
D.641X 
0  6453 


06404 


0  653^ 
0-6577 
0-5ei9 
0.8«61 
0-6703 


0-5730 


0,5759 
0-5783 
0-5807 
0.5330 
0  5354 


0-5901 


B935 
5  m 

5971 
5905 


0  (Kna 

0^6041 


0156 


80 

m 


6064 
608? 
61ig 

6133 


O>0745 


0-6787 
0  6330 


7iU\Z 


6170 

620S 

6325 
0  6348   oS 
0  6270   gj 

6_2H3  23 

2 
3 

22 
22 


6316 
6333 
6361 
833n 


6373 
6015 
6950 


7045 
7080 
7X33 
7177 
7221 


205 


73X0 

735 

739 

74.. 
7490 


7^-3^^ 


7581 
7627 

7373 
77lS 
7766 


■  Htrt 


7830 
7S07 
7054 
8002 

8050 


3143 

aiol 

B24i 

839 

^34 


1-  7320 


I.720I 
l.?DflO 
1  £976 
1  6864 
1  3763 


-004ri 


l..e533 
1-3425 

i^asis 

1  3212 
1  310^ 


1  600:1 


1  5&00 
15708 
1  5607 
i-5SO0 
1  B407 


U63i*H 

1  B3"bl 
1  -  5304 
l.510g 
1^6013 
1  4910 
1>4Hg.> 


i-42ftl 


1.41^.^ 
I ■ 4106 
1  401§ 
1  3033 
L3841 
"1   3761 


1-3630 
1.3697 


1  3433 
13351 


1-3270 

"1  3100 
1-3111 
1.3035 

1  -  2954 


1  _270g 
1,3733 
1 . 2647 
1.3571 
12497 
1  2425 


fo  S405  ^^O^SBilll 
_  Cos*    fdJ    Cot    I  d, 


1  3340 
1-3276 
1.2203 
1  -  2131 
1 . 3069 
1-1983 


8^ 
3ij 
36 

as 

84 
M 
83 
33 
81 
61 
8(J 

80 
75 

7S 

;? 

77 

7E 

^i 
75 

73 
73 

7; 
71 
7T 

u 


BU60 


864S 
3631 
8616 
860" 
358< 


8r>?i 


35&& 
3541 
3526 
3511 
8403 


84  HO 
3465 
8440 
3434 
3413 
3403 
83S0 
3371 
8355 
8339 
8333 
8301 
H2|30 
8274 
8257 
8241 
3225 


Hli>l 


6175 
8153 
3141 
8124 

800<i 


8073 
8056 

8038 
8021 
80P4 


79rtO 


r8R0 


7862 
7844 
7826 
7303 
7785 


7771 


-7763 
-7733 
-7716 
-7397 
-7B70 


640 


f 


60 


49    4d    48    47    43 

11  4-?!  4^9:  4-8,  4.7i  4-6 
al  9-9    0  8    0^6'  9-41  9  2 


59 


5% 


57| 


56 


55 


54 


53 


5? 


14-8  14^7  14-4  14-1,13  3 


IB8IO61IO.3 
24  7  24  5.24-0 
20Z39-4i28.e 
34  6  34  3  33  6 
30-6,39-31334 
44.5l44ll43'2 


13.3 
23-5 
28^3 
32-9 
37-6 
42^3 


134 
23  0 
276 
32-2 
393 
414 


45    45 

II  4^J  4.5 

3  9^1'  9  0 
313  6:13-5 

4  18  2  13. 0 
5:22-7,325 
6'37  3  270 
731^3,31^5 
8,36136.0 
0/40  r9J40-5 


4 

I 

41 

40 

1     4d 

4.1 

4-0 

2 

8 

1 

8.2 

B-0 

3 

12 

12-3 

12,0 

4 

16 

3 

16. 4 

16-0 

5 

20 

7 

20,5 

30-0 

fi 

24 

9 

24. ft 

24,0 

7 

28 

0 

33-7 

S3-0 

8 

33 

? 

32-8 

33-0 

9 

37 

a 

33-9 

33.0 

44    43    42 

4-4i  4-3i  4-2 

B.3    3-3    8-4 

13-212-01126 

17-6  17,2  16-8 

33.0'21-6j21-0 
26,4  25^8  2S-2 
30-830  129-4 
35-2,34433,6 
39^e.33-7l37.3 


39 

3.9 
7  8 
11,7 
15  0 
19-5 
33  4 
27-3 
31-3 
35-1 


2S 

2.S 

3 

7 
10 
13 
15-3 
17-5 
30 
22 


S  S 


5 

7 
10 
12 

IB  0 
17-3 
30-0 
22.  G 


24 

2.4 
4.3 


3^ 

32 

IS 

2 

a 

3-3 

1-ft 

4 

5 

4.4 

3.7 

3 

T 

3-6 

6.S 

0 

9 

8-8 

7-4 

11 

i 

11-0 

9  5 

13 

? 

13-2 

11.1 

15 

16  4 

12.5 

13 

0 

17-6 

14-B 

20 

2 

19-a 

ie-6 

3,3 

4  6 
6  9 
9  3 
11-5 
13  8 
8;i6  1 
19-2  13  4 
2I-QE2O  7 


IH 

i.a 

3.6 
5  4 

7. a 

9  9 
10. 8 
12.6 
14  4 
16  2 


51 


^^ 


U, 

7.0 

8-7 

105 


17 

1-7 
3-4 
5.1 
38 
8-5 
10-2 


12. Sill. 9 
14-013  8 
16.?.15.3 


t6 

IB 
3-2 
4-B 
3.4 
30 
0  6 
11.2 


IS 

1.6 
3-0 
4-5 
8.0 
7.3 
9-0 
10-5 


iS:J 

12^3  12.0|ll-6 
14-4118-513^0 


\\ 
29 
49 

73 


Y.^, 


TABLE  IX.— NATURAL  SINES.  COSINES,  TANGENTS.  AND  COTANGENTS. 


4U   U 

10 
20 
30 
40 
50 

41  O 
10 
20 
3D 
40 
50 

49  O 
10 
20 
30 
40 
50 

43  O 
10 
20 
30 
40 
50 

44  Q 
10 
20 
30 
40 
50 

'45    0 


Sin-      d.     Tan. 


O  tl4*-^H 


64  5g 

6491 
6516 
6538 
656^ 


5539 

eeol 

5626 
6643 


0 

0 
0 
0 

0 


.6713 

)  6756 

■  6777 
670g 


ftPtH^i} 


6S41 
6a6S 
63&I 
690j 
6925 
6 it  If; 


6967 
696g 
7000 

70  SO 
7050 


0  344S 

0^8490 
0-B541 

o^aesi 

0  8fl4B 

0-8744 
0  6795 
0  8847 
0  339^ 
0  8951 
0SHJO4 
0-9057 
0.9110 
0.9163 
0-9217 
0.B371 


0.9875 
0-9434 
0943^ 

0.9545 
0 -9601 

6"  9  7 13 
0  9770 
0.9827 
0  98S^ 
0 . 9B42 
I .  OOOO 


Cc!$.      d»      Cot.      d.      Tarr. 


P-  P, 


70 

7.0 


14 
31 
28 

5135 
6' 42 
7l49 

a|5e 

9)63^0 


33 

a-a 


33 

4.4 

3 
0 
2 
4 


6 
1 
Q 

2ill 
5  13 
715 
0  17   . 
^Jl9.a 


ed 

31 

30 

1 

6  9 

2-1 

a-di 

2 

13. 3 

4 

2 

4 

1 

3 

20-7 

6 

3 

6 

1 

4 

27.6 

3 

4 

3 

2 

5 

34.5 

10 

5 

10 

i 

6 

41.4 

12 

6 

12 

3 

7 

43  3 

14 

7 

14 

S 

8 

55-2 

16 

fl 

16 

4 

9)62-1 

18 

9 

18 

4 

63 
6.S 
13.7 
30-5 
27, 1 
54-2 
41. i 
47-9 


19 

IJI 


8 

ILZU 

13-6|13 


10 
1.0 


15.6  15.3 

17  5ii7a 


1:1 

8-6 
10  7 
13-9 
16-B 
17-3 
19.3 

20 

2.0 
4-0 

6  0 
3  0 

10. 0 
12.0 
140 
16,0 
18.0 

13 
l-fl 

U 

7  4 
0.3 

12.9 
14,3 
16  J 


P*P. 


68 

ii3-e 

t20.4 
127.2 
(34-0 
)40  8 

7147. 6| 
854-4 

a.<ai.ai 


67     6 

I  6  7[  6- 

13.413. 
I^Ol  19 

26.8  25  ■ 
33.5  33- 
40.2  39- 
|46.9  4Q. 
63^653. 
l30-3l6fi. 


6S    6i    64     63    62    6l     60    5S    59    5S    58    57 


5-5 
13.1 
19-a 
26-2 
33-7 
33-3 
45. 6 
53.4 


:08'Sl63'O 


6.« 
13  6 
13.2 
25. 6 
32  0 
36.4 


5  9 
11  3 

17  7 
23 

29  5  : 
35  i 
41  3 
47  2 
53  1 


5.1 
11^7 
17.5 
23, 4 
29  5 
3?i-l 
40  9 
46  8  45 
53-€tG3 


57 

5S 

56 

55 

5Z 

54 

53 

53 

5IS 

52 

51 

61 

50 

50 

1 

5  7 

5.B 

5.3 

5-?^ 

5  1 

6  4 

B-3 

6-3 

5  S 

5   2 

B-T 

5  1 

5  S 

5.0 

7 

11   4 

U1 

11.3 

no 

10  9 
16  3 

10.8 

10  7 

10.6 

10   6 

10  4 

10-^ 

10  3 

10  1 
15  I 

10, 0 

S 

17  1 

1fl.fi 

18- ft 

16. 3 

I5.U 

15,9 

15  7 

15   6 

IEJ.4 

16  3 

15-0 

32  3 

33.6 
3R-3 

23-4 

32-0 

21  3 
27  5 

2T,fl 

21  .4 

31-3 

21  y 

26  S 

20  :; 

20.  t* 

;^o  4 

'^0  :^ 

20.0 

SI3  5 

33. n 

27,  5 

27.0 

23-7 

26-5 

35  y 

25 . '/ 

2b   b 

2b  2 

!J5-U 

34  "? 

8S.j 
39  5 

33-6 

33  0 

lU 

32.4 

32.1 

31-8 

31  5 

3i  2 

30- » 

30  b 

30  3 

30.0 

7133  0 

39.-^ 

36. fl 

37.8 

37-4 

37-1 

36  '/ 

36  4 

33.0 

35   7 

35  B 

35-0 

8'4G  6 

45.3 
50.3 

44.8 

44  0 

tu 

43-3 

42.3 

43.4 

43  0 

41  6 

li:^ 

40  3 

4U  4 
46  1 

40.0 

51  a 

60.4 

[49-5 

48.6 

434 

47.7 

47  3 

46  8 

46  g 

45.0 

49 

9 

14. 
19. 
24 
29- 
34. 
39 
44- 


45'*-5Cf 


<^5«W 


TABLE  X.— NATLTRAL  VERSED  SINES  AND  EXTERNAL  SECANTS, 
0°-lO  10*"- 30° 


TABLB  X.— NATURAL  VERSED  SINES  AND  EXTERNAL  SECANTS. 
«0**-30**  30°-40° 


Ver^.      dt 


Eksbc^ 


Vers* 


d^    Exsec,     d 


P.  P. 


20  o 

10 
20 
30 
40 
50 

10 
20 
30 
40 
50 

22  O 
10 
20 

ao 

40 
50 

23  0 

10 
20 

ao 

40 
50 

24  0 
10 
20, 
SO 
40 
SO 

25  0 
10 
20; 

ao 

40 

&o 
ae  0 

10 
20 
so 

4Q 
50 

a?  0 

10 

20 
50 
40, 
50 

28.  0 
10' 
20 
50 
40 
50 

29  0 
10 
20 
30 
40 
50 

300 


0613 
0823 
0633 
0645 
.0654 


Ottfl4 


0674 

■  0655 
0696 

-0706 

■  071? 


■  orjs 


073» 
07BO 
0761 
-0775 
0765 


■  071^^1 


OBO6   ! 
.0516  I 
.0825 
.0641    I 
.0553    I 


Oflfi4 


057 
055 
.Ofli 
-051 
.0531 


-jM>Tr  ! 


094^ 
0951 
0974 
09S@ 
039?^ 


1012 


1025 
103? 

1050 
1063 

1  OBO 

1103 

uie 

1130 
.1143 
1157 
11 70 


.1184 
1105 
-131 
.122 
-123 


0853 
0664 
0670 
0685 

0711 


0723 

-073S 
0748 

■  ore^j 

J  07 7 1 
07fS>T 


0798 
-0811 
-0824 
-0837 

0650 


.0877 
-OS  SO 
-0904 
0915 
_093|^ 


.0960 
-0975 
.0989 
-1004 

■  1019 


-104B 
106i 
1079 
-1094 
-1115 


1 1  Hi 


•  1142 
1158 

,1174 
1195 

..1206 


Vers,    idJ 


.1452 
.1470 
.1489 
-1503 
^15^?_ 

-^iri47 


10  «) 
10 
20 
30 
40 
50 

11  0 
10 
20 
30 
40 
50 

10 
20 

30 

40 
50 

10 
20 
30 
40 
50 
34  t> 
10 


i:iijO 


,i3S4 
.1369 
-1383 
.139fi 

:1413 


142A 


.1443 
-1458 
1475 
-1489 
.1504 


JAU*. 

1535 
1550 
.15Se 

.15S2 
■  159? 
Jti^3 
^1629 
1645 
1681 
.1677 
J_6JL 

-1726 
.1743 
-175l 
.1775 

-1792 


35    0 

10 

lMf>S 

-1325 

20 

.1842 

3D 

1859 

40 

.1878 

50 

.1593, 

3ft    0 

10 

1010 

.1927 

20 

1&44 

30 

.1961 

40 

.1§79 

50 

.1996 

37  0 

10 
30 

30 
40 
50 
HH    U 

in 
20 
30 

40 
50 

10 
20 
30 
40 
GO 

ino' 


go  13 

2031 
2049 

-20eS 

■  2084 

-2102. 
'J  1  20 

-213B 
-2156 

■  2174 
,2192 

.221D 


2247 
.2265 
.2284 
■  2303 
^321 
?3t^0 


J/t47 

-15B0 
1586 
.1606 
.1626 
.1646 


VdHG 

■  1587 

■  170? 
.172I 

1749 
177fl 


1 71»2 

■  1513 
1835 

-1857 

.1879 
_1801 

.  iit^a 

.194B 

■  1965 
.1992 
,2016 

2038 


_20I12 
-2066 
.2110 
2134 

.2158 
.2163 


■^t>07 


15 

1§ 
20 
20 

ao 

20 
20 
25 
31 
21 

I' 

21 
21 
22 
22 
22 
22 
23 
22 
23 

2a 

2r 
2: 

24 

24 

24 

H 

24 

24 

25 

2! 

2i 

2i 

3i 

26 

3S 

2l 

26 

27 

U 

27 
2f 
23 
2~ 
21 
23 
25 

29 
2S 
30 
30 
30 
30 
31 
31 
3l 

al 

Vers,  fdA  ^Kk>^^/vSX 


.2231 
.3258 
^2263 
3305 
2334 

■  3387 
2413 
2440 
2467 
2494 

3549 

-2576 
3801 
3633 
3861 

gflOO 
2715 
274a 

-277B 

2aoj 

_2B37_ 

^  2898 
H292i 
.2959 
.2991 
3P25_ 
30 /V  4^ 


31 

3-1 


1 
2 
3 

4112 
515 
6'15 
7'21 

8  34 
6l27 


30     2\>     28 


3  0]  29 
6-0    5 
9  Ol  5 
13-0111 

15.0|14 
18  0  17 
21  0'20 
24  0:23 


gi27D!26 


2  5 

G.5 

5.4 

11.2 

5,14  0 

4|l6-6 

3115  8 

2|22.4 

ll35.3 


a  7    '2H 

II   2-7!   2 


3;   & 

3  5 

4  10 


25 

2-5| 


5.2 

7.8    7 

10  4.10 

13.012 

2  15  6  15 

B;18  2  17 

6  20  8  20 

3i33.4'22 


24 


0    4 

5  7 
0  9 
5!l3 

0  14 
5,16 
049 
521 


5 

11 

19 

746 

a.ia 

9130 


81   2  3 

6  4.4 
B'  66, 
2'  8  8 
511. 0 
8  13  2 
1  15  4 
4  17-8 

7  19.5 


21 

3.1 


20 

3  0 
4.0 

e-0 

8-0 
10  0 
13  0 

7114.0 
8II6.O 


I89II8  0 


If 
^1 
3 
4! 
S' 

6  11 

7  13 

8  15 

9  17 


19 

3 
5 
7 
5 


18 

l.flj 

3 

5 

7 


15 

15 
3  0 


7:10 


5 
0 
5 
0 

5    - 

Olll 
9113.542 


17 

17 


4'  5 
21  6 
0'  5 
8  10 

6  n 

418 
2  15 


16 


13 

1.3 

3 

3 

5 

6 

7 

9 
10 
11 


12 
13 


11    10    o„ 


Ifl.l  l^Ci 
33  22  C 
33.330 
4  4  4^4  C 
515  55  0 
8  6  6, 6  0 
7,7.77.0 
5'5  88  0 
89  5I9  C 


D  ^ 

n  4 

0  4 


"^t: 


ftA'A 


TABLE  X.--NATUEAL  VER9BD  9IN£»  AHB  EXTEHKAL  8ECAKT8. 
40°-60°  50°-60° 


JTgi^ 


_M1^  si 

.3591    „« 

-  3d39       rjR 

■3661    U 

37&2 
■  3775 

4707 


^J  n  't  J      Hj  n 

■  3Mfi     ,, 
*3fl35    Jl 


Exsoct 


1g?i  I 

■4052    -- 

.4075 

i409i 


.414-j  ;^. 

.11169  ^1 

■4193  \ii 

'4216  !j| 


.12£±24 

,42e»       n. 

4360  f^ 


440S 


■  4432 
.4il}i 

4430 
.4505 

4529 


4571 
4^03 
4627 
4651 
4676 

-in% 

475€ 
-  477  § 

■  4800 
^4M 

■  484lL 

■  4871 
489t 

■  4934 
4349 
4fl75 


5<>m> 


2l 
M 

14 
Z4 
24 
24 

34 
24 

21 
23 
25 
25 
24 
25 
25 

2i 

25 
2fi 
25 
25 

25 


55^7 

-5611 
56Qa 
.6721 

.5  MM 
6947 
r600S 
■  6064 
«123 
61S2_ 
■  Ci^4g 


6303 

■  6365 
6427 

■  6491 
ft552_ 

■  60  Id 

,  6681 
8746 

■  6B1I 
.6^76 
_J945_ 

.7031 
-7155 

■  7220 

.72&1 
1163. 


2iM 


^7507 

■  7561 
7655 

■  7735 
.  7B.>fl 


■7l^§3. 


■  7900 

■  S039 

sue 

■  &198 
j_»279 

844S 
8627 

■  *flll 
.8697 

t7B5 

1959 
9048 
-aiS9 
9339 
9322 


,»5I& 
■  ft&06 
9703 
.9601 
_9M0_ 


■Hi^  ^^^g^ 


P.  P. 


53 

54 
5& 
50 

5ti 

531 
51 

59 

60 
61 

61 
62 
hi 
63 
64 

el 

65 
6ff 
66 
87 

as 

6l 
69 
70 
70 
71 
72 
73 
73 
74 

11 
77 
7& 
79 
ftO 
61 
32 


9     § 

0.910.8 
]^6|l^6 
2.7i2.4 
3  6'*  " 


6    A     4 


3 

I  0  3 
?0'6 
\  09 

U.2 
r  15 
J  1-8  1-2 

7i3.1|1.4 
3i2-4  1-6 
Bl3.7flJ 


54  5 
6  5-4 

7,6^3 

al72 

9«8^1 


,3.21:^-8 
4-013  5 
4-3  4  2 
5^e,4.9 
6  45  6 
7-2l6^3 


0.4 
OS 
1-2 

i.e 

2.0 
2.4 


^     1 

0.2i0^1 
04^0-2 

06  0,3 

0-8,0-4 

1.0  0-5 

06 

0.7 

09 


0.6IQ3 
1  2!l0 
1.8  IS 
2-4J0 
^■Ol2  5 
3-6:3.0  _ 
4^23'5i2.8 
4.64.013.2 
5'.4l4.5|3'6 

OJ 
1-& 
2.9 

3  6 

4  7 
67 
6^€ 


3.S2^a 

3.0 
3? 


.  _  5.5 


34 

4-g_ 
5.1  W. 5 


S_   S_    1,    3.    t    T 


I'O.e 

2rl.3 

3  1.^ 

4  2  6 


53-a|a.7 
6  3^9S-« 
7!4:53._ 
3,5.2  4.4 
9.5.gl4.9 


0.3  0^3 
0-7  0-6 
i^OO^? 


mi 


2.4 1.7 

3.0 
2.% 


[o^I 


3H    25    ^4    34    5^ 

2. SI  2-&i  2-i! 


CSI  2-&i  2-i! 
j.ll  6.0   4.i 


2-4 

il  7.§]  7^5|  7J!  7  3 
410.2  100'  9  I    8 
512  7  12  5  12  2  12 


2.3 

H 

-,  7*0 

.6[  9.4 
0  117 


315.315.014.714.414.1 
B  17  6  17  1  18  616.5 


717J 


e20430Ql& 
9  22.9  22  5  22 


33    ^3 

I    g-3    2-2 
2:  4-6;  4-5 

.t3    fifl    6  7 

H  4    92    9  0 

9f 

81 

8' 


ltl5ll.51l5ll.OiVY 
^la  13.8  13  5;13  2113  ft 
'^716  ll5  7il5.4!l5D. 
88  81B.4lSD17i'l7  2L_- 
9  30  7  20.2ll9.S19'Slie^9 


,  30    30 
„,  1    2.i3|   2-0 

952    4.1    4.0 
aT3l    6.II   «.0 

^U,  8. 21  a.o 

05  5il0.2  10-0  _  , 
&7^il2  3il2.01l^7 
98|7'i4.3li4,oi3-B 

rie4.i«o!i5 


u 


si- 


1*5 


19    IS 

i.fti  1^ 


3.fi 
5-7 
76 
9.S 
11-4 


m 


,  100  tflB-$i  18  0^17 


_  13.3'l2-9 
4  15.3-14-I 
IH7.llie.6 


644 


-rr 


TABLE  X«-*NATUBuiL  VERSED  SINES  AND  EXTERNAL  BECANT6. 


60  0 

101 
20 
30 
40 
ftO 
61 
10 
JO 

ao 

40 
60 

62  0 

10 

so 
so 

so 

63  0 

10 
20 
30 
40 
60 


5Q25 
5050 
5076 
5101 

ftl7? 

.02oa 

,517fi__ 


10 
20 
30 
40 
50 

67  O 
10 
20 
30 
40 
50 

66  0 
10 
30 

ao 

40 

so 

09  0 

10 
20 
30 
40 
50 


Vflrsj^ 


5331 
'535i 

5382 
'540S 

5434 


5jOO 

548B 
5512 
553S 
5S61 
5590 


64  0 

f^niii 

10 

.  564S 

20 

5ee5 

30 

SAa6 

40 

5721 

50 

5747 

650 

o7Tl 

20 

5B0D 

^0 

'5S20 

30 

5fl53 

40 

'6«7i 

50 

5906 

660 

5fl32 

d,    Ejtsec-     dt    * 


5959 
5936 

eoi5 

5066 


■  6115 

■  8145 

■  fll73 

■  6200 
-6227 


■  6231 
-6308 

■  6335 
6362 

_J3S9_ 
04 1  li 


644^ 
6470 
-M96 
6525 

•fl655_ 
■  firtftO 
Vera. 


1  'OCM>l> 


1  oiol 

1-020* 
I  0307 
I  Oils 
i  05_1J. 
r  O02n 


1-0735 
1  0345 
1  0357 
1 ► 1070 
1  IIS^ 
t  J^IOQ 
11416 
1^L53S 
1^097 

i^i77a 

1^31S 

i-a^i 

1-24 
1 ■ 2543 


15! 
411 


1.3810 
1  3361 
1.4114 
1.4269 

1 . 4425 


1.474? 
1  4912 
1-5075 
1  -  524? 
1-5419 


5r>9a 


1.5770 
1 ■ 5949 

i^euT 

1-6310 
1 . 65Q4 


1  6368 
1-7035 
1-7285 
1  7488 
1-7691 

1  811? 
1  3334 
1  8554 
1.8771 
]  9PJ2C 
1   SVIWH 


dpi  £xsec. 


\ 


oT 

t 

Ofi 

07 

09 

If 

13 
U 
16 

3( 

2 

2! 

25 

2S 

28 

3 

3 

3 

35 

37 

3S 

40 

tl 

a 

51 
63 

55 
57 
59 

eT 

64 
66 
69 
7l 
74 
77 
79 

8 

68 

95 


9 
200 
203 
20S 
210 
213 
21B 
225 

T94 

223 

23l' 


70  0 
10 
20 
30 
40 
50 

710 
10; 
20 
30 
40 
60 
%i\ 
10 
20 
SO 
40 
50 

ao 

10 
20 
30 
40 

m 

740 

10 
20 
30 
40 
60 

7flO 
10 
SO 
30 
40 
50 

700 
10 
20 
30 
40 
50 

77  0 
10 
20 
30 
40 
50 

78  0 
10 
20 
SO 
40 
50 

7f)D 
10 
20 
30 
40 
50 

RO  K 


"itn. 


_0M*1 
6607 

■  6634 
'6662 

■  «6B^ 
>6717 

■  0741' 


■  6772 

■  679E} 

■  6127 
6854 


Jil>in 

■  693? 

■  6965 

■  6903 

■  7020 

■  7045 


>  707O 


.7104 
-7162 
■  7160 
-7isi 

734^1 


■  7271 
.7203 
-7327 
.7355 
7383 


IWl 


-7440 
7468 
-749B 

.7521 
7552 


7flftl 


'7600 
.763? 
.7655 
■  7694 
^7723 
-  7  7  ■'SO 
-7779 
-7807 
-783S 
-7664 
.7B9§ 
IWl  1 


7949 
.797g 
8006 
3035 

•  6063 


-8123 
.8149 
8171 
-8206 
.8335^ 


Vers. 


d.    E»($«c^     d, 


1  wi\m 
19471 

1.9713 

1  9967 

2.O20B 
2^455^ 
'I  07 1  o 

2. 0077 

2  1244 

2.1515 
3.1792 

2  ■_207S 

2  3^r>fl 


2.3653 

2^2351 
2.3255 
2  3565 
2  3681 


tj  420H 
2'^453l 
2  4367 

2.5300 
2.565S 
3^15 
^^■027!»;3„2 
2.665l!3g(j 
2  7031  ■^°- 


235 

240 
^44 
248 
253 
257 
362 
26] 
27' 
37i 

2&: 

337 

39^^ 
293 
304 
310 
316 
322 
33S 
33: 
34! 

■  364 


2  7420 
2  7615 

2_M.^5 


2 -HOT? 


3.9061 
2-9405 
2-993?^ 
3  0394 

3jQS_5_9 


3.1824 
3  2334 
3-2836 
3  3362 
3  3901 


3  4451 

3  5021 
3   5604 

3 . 6203 
3.e3lE 
3_  n4_8_ 
3,  Mf>07 


3. 8705 

3. 9451 
4  0155 
4-088€ 
4. 1636 


4a40K , 


4-3205 
4.4O2G 
4  4374 

4.5749 
4_615i 
4  7fiH7 


38 

39i 
406 
411 
424 
434 
444 
45^ 
485 
47^ 
48^ 
500 
515 
525 
539 
553 
567 
58^ 
59l 
514 
531 
645 
657 
686 
707 
733 
745 
773 
795 
83l 
847 
%ll 
004 
934 


E)t£ec.  1  d, 


P.  P, 


O     N     7 

0  9:0-BiO  7 


1-8  1 

2^72. 
3-613- 
4-5^4- 
5  414 

6.3|S 
7-26 


1-4 
2^1 
3^3 
3-5 

4-2 

4  9 

5  6 


B-II7  26  3 


4      .1      3      1 

0  410-310  210-1 
0-8  0  6  0^402 


I.3I0  9 
1.0:12 

,2.011.6 

o;2  4;i  6 

7j-2. 8:2.1 
8  3.2,2  4 
9l3.8'2^7 


110  E 
2  1.7 

33.5 


7 

0  7 

,  \\ 

4  3-4  30 


6  4 
65 
7i5 
S!6 

al7 


0-BO.3 
0-BO  4 

l-0'0-5 
1-20-6 
1-40.7 
1-60-9 
1-B0^9 

0  6,0lfi 


A 
0  5 
10 
1-6 
2-0 
3,5 
3.0 
3.5 
4  0 
4-5 

9 

0 
I 
3 

3 
4 
5 
6 
7 
8 


3-7 
4  5 


3  " 
3. 


12 
3  93  3 


5  5-54.5'3-l 
||6-0!5-2]4-4 


6l6,7l5.BN 
If0-ll0,§ 


0*1 

0- 


n 


31 

4'l-4'l  0 
6  1.7,1^3 
62116 
72-417 
B2-8;3-0 
0.3ll2-S 


0^1 


39 

3  9 

S  8 

3  7 

11.6 


5  14  5 


28 

n 


28 
2-8 
5'fi 
84 
11  2 


11  4 

14-S  14,0 
6"l7-3'17-l|ie'8 
7  20,3119.9  19^6 
823-2,22. 8, 22-4 
9l2e-ll25-Bl25,3 


f7 

J:! 

13-7 
16-5 
19.1 
32  g 
24-7 


27     25    ^r»    S3 

37]  2.61  26    2% 
5.4    5. si  5^2    5.1 

a^il  79.  7 
I0-»'io  b'io^4; 


5il3-5l3  5  13-0 

6  16-2  15.9  15^6 

7  18   9  18   5  18.2 

8  21    6  21   2  208 

9  34  3  23.1^23-4 


7'g 
10-2 
13'? 
15-3 
I7J 
30  4 
22-3 


?.^. 


645 


TABLE  X.— NATURAL  VERSED  SINES  AND  EXTERNAL  SECANTS. 
80°-85°  85°-90** 


SO  i) 
10 
20 
30 
40 
50 

81  O 
10 
30 
3D 
401 
50 

fi2  0 
10 
30 
30 
40 
50 

A3  0 
10 
20 
30 
40 
&0 

84  O 
10 
20 
30 
40 
50 

85  0 


Vers,      d,     Exsec^       d, 


8321 
834^ 
B37B 
8407 

B46l 
■  8403 
8622 
3550 
_857S„ 


8e37 
Beefl 
'8694 
8721 
3752 

8388 
8397 
8926 


■8954 


8981 
9015 
9041 
SO70 
9099 


9lgM 


4 

i:*H7 

4 
4 

5 
5 
& 

8554 
9663 
053i 
IflfiO 
2772 

Vi»rs,     d*     Exseci 


_5j^jj);^4 

5.5121 
6  6363  i: 

5  7654 
5.  6098 
«_p39e 

6  3373 
6  4957 
6  66IB 

6  S84| 

7  0156 

7  4046 
7  ei38i 

7  8336 

8  0651 
8 .  3091 

8. 8391 

9  1275 

9  4334 
9   75B5J 
10   1045 

10  473? 


966 

1035 
1072 

mi 

1152 
1196 
1241 

1291 

1343 

139@ 

145b 

1510 

1SS6 

165 

173 

1812 

1898 

1991 

2091 

2199 

2315 

2440 

257e 

2723 

2___ 

305!) 

325D 

3460 

3891 


d. 


145  U 
10 
20 
30 
40 
50 

10 
20 
3D 
40 
50 

87  I) 

10 
30 
30 
40 
60 

88  O 

10 
20 
30 
40 
GO 

10 
20 
30 
40 
50 
QQ  O 


Vers,     d.  Exseci 


Ul'^8 

"^916^ 
9186 

^9215 
924| 
9273 


9303 
9331 
9365 
938^ 
9416 
9447 
^t>47*J 
05OE 
^614 
'  9564 
■  9503 
9632 

-  9680 
-9709 
9738 
9767 
9796 

9651 
.988^ 

9912 
9842 

I  nooo 


Vers. 


1|>4737 

10-8863, 

■2915, 
7465 
2347 
7631 


11- 
11- 
12 
12 


13  3356 


9579 
8368 
3804 
■  1984 


IK  107:1 

19 

-2303 

30-4937 

21 

-9266 

23 

.5821 

25 

-4506 

^7 

&537 

1 
I 
1 
1 
1 
1 

2 

2 
30. 2576  q 

33  3623  S 
37  2015  i 
41   9757|fl 

il  lufliS 

56-^t»87 
87  7573 

34  9456 

113.5930 
170.S8S3 
342  7762 


Exsec* 


394E 
4229 
4543 
4382 
5284 
5725 
8223 
6789 
7436 
8185 
9041 
0047 
1230 
2634 
4319 
6365 
3834 
2032 
6039 
1247 
8192 
7741 
1383 
]34€ 


P.  P. 


5 

8 
U 
14 
6il7 
7:20 
823 
8i28 


2S 

2  S 


29 

2  9 
8 
7 
8 
5 
4 
3 
2 
1 


38 

2  1 
5 

a 
11 

14 
17 
19 
22 
25 


P.P. 
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TABLE  XL— REDUCTION  OF  BAROMETER  READING  TO  82* 

F. 

[nches. 

Temp. 

O 
Fahr. 

260 

265 

270 

275 

280 

28.5 

290 

29.5 

300 

805 

310 

48 

-.089 

-039 

-.040 

-.041 

-.042 

-042 

-.043 

-.044 

-045 

-045 

-.046 

46 

.041 

.042 

043 

.043 

■044 

.045 

.046 

.046 

■047 

.048 

.049 

47 

048 

044 

045 

.046 

■047 

.048 

.048 

.049 

050 

.051 

.052 

48 

.046 

047 

.047 

048 

■049 

■050 

.051 

052 

■058 

053 

.054 

49 

048 

049 

.050 

.051 

052 

■052 

.054 

.054 

■055 

.056 

.057 

60 

.050 

■051 

.052 

.053 

.054 

■055 

■056 

057 

•058 

■059 

.060 

61 

.058 

054 

■055 

.058 

.057 

■058 

■059 

.060 

•061 

•062 

■068 

62 

055 

.056 

■057 

.058 

■059 

■060 

.061 

.062 

064 

■065 

.066 

68 

057 

058 

.060 

.061 

062 

■063 

.064 

■065 

066 

067 

068 

64 

.060 

.061 

062 

.063 

■064 

■065 

.067 

068 

.069 

070 

.071 

65 

062 

■063 

.064 

.065 

.066 

.068 

.069 

■070 

.071 

073 

.074 

66 

064 

065 

.087 

.068 

069 

.070 

.072 

.078 

.074 

■075 

.077 

67 

.067 

■068 

.069 

.070 

■072 

.073 

.075 

■076 

077 

078 

.080 

68 

■069 

■070 

•071 

073 

■074 

.076 

.077 

078 

080 

081 

082 

69 

072 

■073 

.074 

.075 

077 

078 

.080 

.081 

.083 

■084 

085 

60 

074 

■076 

■077 

.078 

079 

.081 

.082 

.084 

.085 

■086 

088 

61 

076 

■077 

■079 

.080 

■082 

.083 

■085 

.086 

088 

089 

.091 

62 

079 

■080 

082 

.083 

■085 

■086 

.088 

■089 

091 

■092 

.094 

68 

081 

■082 

084 

.085 

■087 

■088 

•090 

■091 

■093 

■095 

.096 

64 

088 

■085 

086 

■088 

090 

.091 

.093 

■094 

■096 

097 

.099 

65 

■086 

■087 

■089 

.090 

.092 

.093 

.095 

■097 

•099 

■100 

102 

66 

.088 

■089 

.091 

.093 

.095 

■096 

.098 

■099 

■101 

■103 

.105 

67 

090 

■092 

■094 

.095 

097 

■099 

.101 

■102 

■104 

108 

■108 

68 

■098 

.094 

.096 

.098 

.100 

■101 

.103 

■105 

■107 

.108 

.110 

69 

.095 

.097 

.099 

.100 

102 

.104 

.106 

■107 

■110 

■  111 

.113 

70 

.097 

.099 

.101 

.103 

.105 

.106 

.109 

.110 

112 

114 

.116 

71 

.100 

.101 

.103 

.105 

•107 

.109 

.111 

.113 

■  115 

.117 

.119 

72 

.102 

.104 

.106 

.108 

•110 

.112 

.114 

■116 

.118 

•  120 

.122 

78 

104 

.106 

.108 

.110 

.112 

■114 

■  116 

.118 

■120 

.122 

124 

74 

107 

.109 

.111 

.113 

.115 

.117 

•119 

121 

■123 

.125 

.127 

75 

.109 

•111 

.113 

.115 

.117 

.119 

.122 

■  124 

■126 

.128 

.180 

76 

.111 

.113 

■116 

.118 

.120 

.122 

.124 

■126 

■128 

•130 

.133 

77 

114 

.116 

.118 

■120 

■  122 

■124 

■  127 

■129 

■131 

■133 

.136 

78 

.116 

.118 

..120 

■122 

.125 

■  127 

■  129 

•  131 

■134 

136 

.138 

79 

.118 

.120 

.128 

.125 

.127 

.129 

■132 

■  134 

■  137 

.139 

.141 

80 

■121 

■123 

■125 

.127 

.130 

.132 

■135 

•  137 

■  139 

■  141 

.144 

81 

.123 

.125 

■128 

.130 

.132 

■  134 

■  137 

139 

■  142 

■144 

.147 

82 

.125 

■128 

■  130 

.132 

.135 

.137 

.140 

•  142 

■  145 

147 

.149 

88 

.128 

■130 

.133 

.135 

.138 

■140 

.142 

145 

147 

■149 

.152 

84 

.130 

■132 

.135 

138 

.140 

■  142 

.145 

.147 

•  150 

■152 

.155 

86 

.182 

.134 

■  137 

.140 

.143 

■145 

.148 

•150 

■  153 

155 

.158 

86 

.185 

■  137 

.140 

.142 

•145 

■148 

.150 

153 

■155 

•  158 

.161 

87 

.187 

.139 

■  142 

.144 

148 

•150 

.153 

.155 

.158 

■161 

.168 

88 

.189 

.142 

■145 

147 

.150 

■  152 

.155 

158 

.161 

•  163 

.166 

89 

.142 

.144 

■  147 

■  150 

■153 

.155 

.158 

■161 

■  164 

.166 

.169 

90 

.144 

.147 

.150 

.153 

■155 

•158 

.161 

.164 

.166 

.169 

.172 

91 

-.146 

-.149 

-.152 

-.155 

-.158 

-.160 

-.163 

-166 

-.169 

-172 

-.176 
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TaSLE  Xlt.— BAftOMEtmC  ELEVATIONS.* 


.0 

A 

Diff,  for 
.01. 

B 

A 

Diff.  for 
-01- 

B 

A 

Diff.  for 
.01^ 

Inches, 

Feel. 

Fmt. 

Inobea, 

F0&U 

F«t. 

liwheu. 

Feet. 

Feet. 

20-0 

11.047 

-13  8 
1  s   ^ 

23. 7 

6,423 

-11. ft 
11.4 
11.4 

11. a 

11.3 

11. 3 
11.3 
11-1 
11.1 
11.1 
11.0 
10. fl 
10-9 

10. g 

10-8 
10  8 
10.8 
10-7 
10. 7 
10-B 
10.6 
10-5 
10. 5 

10. 4 
10  4 
10  4 

181 

10. 3 
10.2 
10.3 
10-1 
10. 1 
10.1 
10. 0 
10. 0 
^10  0 

27  4 

2.470 

-9.& 
9  9 
9. 
fl, 
9.8 
9. 
9. 
9. 
9, 
9. 
9. 
9. 
9. 
9  5 
9.'f 
94 
94 
9  4 
9  8 
9-3 
9.S 
9.3 
9-3 
9-3 
9  1 
8.1 
91 
9  0 
9-0 
90 
9  0 
8-9 
8-9 
8  8 
31 

-81 

20.1 

10.911 

23  8 

6.303 

27 

6 

2.371 

20. 3 

10,77§ 

X9 

13 
IS 
13 

\l 

n 

13 
13 
12 
12 
12 
12 

11 
\l 

12 
12 

11 

12 
12 
13 

11 
\i 

U 
11 
11 
11 

n 
n 

1  7 

2 
2 
2 
1 
0 
D 

a 

28. 9 

6h194 

27 

3 

3.373 

SO  3 

10.643 

34  0 

6.080 

27 

7 

3.173 

30.4 

10.506 

24  1 

6,987 

27 

2.075 

SO.fi 

10.376 

34. 3 

5,884 

27 

1.977 

30.0 

10.243 

34.3 

5.741 

23 

1.380 

30.7 

10,110 

24. 4 

6,024 

33 

1.783 

30.8 

0.1»T8 

34  0 

5.513 

23 

1380 

20. § 

9.848 

24.0 

5.407 

2fl 

1,589 

31.0 

Qr718 

24. 7 

6,298 

2B 

1.493 

21. 1 

0.G88 

34  8 

6,186 

33 

1,397 

SI. 2 

9480 

24. 9 

5.077 

2B 

1,303 

31.3 

9r333 

35. 0 

4,26B 

3B 

1.307 

51.4 

9.204 

36,1 

4.86§ 

23 

1.113 

Sl.B 

9.077 

36. 3 

4.761 

23 

1,018 

SLA 

6,iBl 

36.3 

4,B43 

29 

924 

Sl^T 

3,835 

36. 4 

4.635 

23 

330 

21. 8 

3,700 

35.8 

4,438 

29 

788 

21.9 

e.575 

26  6 

4.321 

39 

343 

32.0 

8461 

35, 7 

4,215 

29 

550 

33.1 

3.337 

36. 8 

4.109 

39 

468 

23.3 

8.204 

25  9 

4,004 

29 

3ie 

33.3 

8,082 

28. 0 

3  B9t 

39 

274 

22.4 

7.lft0 

aea 

3,794 

29 

182 

23.5 

7.B3B 

26<2 

3  690 

39 

91 

23  a 

7,717 

36,3 

3,588 

30 

0 

23. 7 

7,597 

36. 4 

3,483 

30 

-91 

32^8 

7,477 

36. 5 

3,380 

3D 

181 

33. S 

73fiB 

26. 6 

3,277 

30 

271 

33.0 

7.239 

36  7 

3,175 

30 

aei 

23.1 

7.121 

26. 8 

3,073 

30 

4S1 

S3. 3 

7.001 

36. 9 

2  072 

30 

640 

33.3 

«,a87 

27. 0 

2-B71 

30 

629 

33.4 

e.770 

37.1 

2  770 

30 

717 

33.fi 

f].554 

27. 3 

2.670 

30 

8DS 

33. e 

6.538 

11     o 

-11  s 

27^8 

3,670 

31 

-8»8 

23.7 

6.423 

27. 4 

2,470 

*  Compiled  from  Report  of  U.  S.  C.  <fe  G.  Survey  for  1881,  App.  10  Tablo  XI. 

TABLE  XIII.— COEFFICIENTS  FOR  CORRECTIONS  FOR  TEMPERATURE 
AND  HUMIDITY.* 


t+t' 

c 

Diff.  for 
l^ 

t+e 

c 

Diff.  for 

l^ 

«+«' 

C 

Diff.  for 
1*. 

ooooooo 

-.1024 
.0918 
.0806 
.0698 
.0592 
.0486 

-.0880 

10.9 
10. 9 
10. 8 
10. 6 
10. 6 
10.6 

60" 

70 

80 

90 

100 

110 

120 

^0273 
.0166 

+   0262 

10. 7 
10. 7 
10-8 
10.7 
10.7 
10. 6 

120* 
130 

150 

170 
180 

+  .0362 
0368 
0472 
.0575 
.0677 
.0779 

+  .0879 

10. 6 
10-4 
108 
10.2 
10.2 
10.0 

^  Compiled  from  Report  of  U.  S.  C.  &  G.  Survey  for  1881,  App.  10,  Tables  I,  IV. 
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TABLE  XXX.— USEFUL  TRIGONOMETEIOAL  PORMULiK. 


_.  1  tan  a  ^  /I  — cos  2a  1 

Bin  a       ■■ — — T ""i/ :; *■     . 

eoa^a     Vi  +  tan2  a     J  ^  Vl  +  cota  a 

—  cos  a  tan  a  — Vl  — cos^a  — 2  sin  ia  cos  io 

1  +  cos  a  2  tan  *a  ^  , 

— —-. •"^rrz — 9  1 —  =  vers  a  cot  ia. 

cotia         l  +  tan^^a 

1  cot  a  1 

cos  a       — 


tan  a 


^o«      Vl  +  cot»  a     Vi  +  tan2o 
—  1  — verso— sin  o  cot  o«=>/l— sin^  a  =  2  cos^  ^a  — 1 
—sin  a  cot  ^o—  1  =-cos2  ^o— sin^  ^0=  1  —  2  sin^  ^. 

_  1   _  sin  a  _  sec  a   1 

cot  o   cos  o   cosec  o   Vcosoc^  a— 1 

=  vera  2a  cosec  2a  <=  ooi  a  —  2  oot  2a —sin  a  sec  a 

=  --- : 77-  =  exsec  a  cot  ^a  =  exsec  2a  cot  2a. 

l  +  cos2a 

_      1      _  cos  a  sin  2o      __  1 4-  cos  2a 

tan  a       sin  a       1  —  cos  2a        Sin  2a 

=  V'cosec^  a  —  1  —  cot  ^a  —  cosec  a. 
5  vera  a     =■  1  —  cos  a  =>Bin  a  tan  ^a='2  sin'  i^a  =  cos  a  exsec  a. 

0  exsec  a    —sec  a  —  1  =*  tan  a  tan  ia  <=*>  vera  a  sec  a. 

.     ,  ,  /vers  a         sin  a         vers  a  cos  ^a 

sin  ia     =4/  — -—  =- ;-  = — ?— . 

y        2  2  cos  ^a  sin  a 


1  i  /  1 +COS  a         sin  a        sin  a  sin  ^g 

^  'I'  2         *"  2  sin  io  ~     vera  a 


tan  ^o     —  vera  a  cosec  o  =  cosec  o  —  cot  a  «  -: . 

1  +8ec  a 


«^4-  i^  1  +  cos  a  ,       ^  tan  a  1 

cot  to     = -. ■  =  cosec  a  +  cot  a  = = = . 

sin  a  exsec  a       cosec  o—  cot  a 

vera  ia   =  1  -  V^Cl+cosa). 


1                   1 
19  exsec  ia= _    _    _ 1. 

^  Vi(i  +  co8a) 
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TABLE  XXX.— USEFUL  TRIGONOMETRICAL  FORMULA. 


i:>         sin  2a      *=  2  sin  a  cos  a  » 


l  +  tan2a* 

14         cos  2a     ^cos^a— sin^a"!  — 2sin2a>s2cofi2a— 1 

^l-tan^q 
""l  +  tanSa 

♦-«  o«  2  tan  a 

ic         tan  2a    =- — - — - — . 
^^  l-tan2a 


cot  2a     -icota-itana=.£2ti^i:l=i:ilaBi£E. 
2  cot  a  2  tan  a 

vers  2a  =2  sin2  o=  1  — cos  2a=»2  sin  a  cos  a  tan  a, 

exsec  2a-  ^^"  ^^        2  tan^  a  2  sin^  a 

cot  a        1  —  tan2  a       1  —  2  sin^  a  ' 


sin  (a  ±  6) =sin  a  cos  6  ±  cos  a  sin  6. 

20  cos  (a  ±  6)  =  cos  o  cos  b  T  sin  a  sin  b. 

21  sina+sin6  ==2sini(a  +  6)  cos  i(a  — 6). 

22  sin  a— sin  6  =2  sin  ^(a  —  b)  cos  i(o  +  6). 

23  cos  a  +  co8  6  =  2  cosi(a  +  6)  cosi(a  — 6). 

24  cos  a  —  cos  6  =  —  2  sin  ^{a  +  b)  sin  ^(a  —  6). 


Call  the  sides  of  any  triangle  A,B,  C,  and  the  opposite  angles  a,  b. 
andc.     C&n8  =  UA+B  +  C). 

25  tan  Ha-b)  '^^     ^tan  i(a  +  6)=-T— ^cot  ^c. 

"SO  'cosi(a-6)  'sini(a  — 6) 


27  sin  io  =  |/  ^^ 


28  coa^a=Y  -^c~' 

2(8-B)(8-C) 

29  vers  a  = ^^ • 

^^/      Area   ^\/8(s-A)(8-B){8-C)=A^''^^^^. 


TABLE  XXXI.— USEFUL  FORMULAE  AND  CONSTANTS. 


Logarithm. 


Circumference  of  a  circle  (radius  =-  r)  =  2irr. 

Area  of  a  circle  =  wr*. 

Area  of  sector  (length  of  arc  =  Z)  =  jZr. 

*•     "        "  (angle  of  arc  =  a°)      =  -_-wr*. 

6o\j 

Area  of  segment  (chord  =  c,  mid.  ord.  =  m)  =  |cw  (approx.). 

Area  of  a  circle  to  radius  1  1 

Circumference  of  a  circle  to  diameter  1  ^      =    n-  =.  3.1415927. 

Surface  of  a  sphere  to  diameter  1  J 

Volume  of  a  sphere  to  radius  1  =  4ir  -*-  3      =  4.1887902 

r  degrees   =  67.2957795 

Arc  equal  to  radius  expressed  in  \  minutes  =  3437.7467708 

L  seconds  =  206264.8062471 

Length  of  arc  of  1*.  radius  unity 0.1745329 

Sine  of  one  second  =  0.0000048481 

Cubic  inches  in  United  States  standard  gallon  =  231 

Weight  of  one  cubic  foot  of  water  at  maximum  density  (therm. 

39° .8  F.,  barom.  30") 62.379 

Weight  of  one  cubic  foot  of  water  at  maximum  density  (therm. 

62*»  F.) 62.321 

Acceleration  due  to  gravity  at  latitude  of  New  York  in  feet  per 

square  second 32.15945 

Feet  in  one  metre 3.280869 

Metres  in  one  foot 0.304797 
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0.4971499 

0.6220886 
1.7581226 
3.5362739 
5.3144251 
8.2418774 
4.6855749 
2.3636120 

1.7950384 

1.794  6349 

1.507  3086 
0.515  9889 
9.484  0111 
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Atlantic  locomotives,  running  gear 323 

Austrian  system  of  tunnel  excavation 171 

Automatic  air-brakes 337 

signaling,  track  circuit 310 

Averaging  end  areas,  volume  of  prismoid  computed  by 71 

Axles,  effect  of  parallelism 312 

effect  of  rigid  wheels  on 311 

radial,  possibilities  of 313 

size  of  standard  M.C.B 332 

Balance  of  grades  for  unequal  traffic 452-454 

determination  of  relative  traffic . . .   454 

general  principle 452 

theoretical  balance 453 

Balanced  grades  for  one,  two,  and  three  engines — Table  XXVIII. ...  p.  485 

Baldwin  Locomotive  Works  formula  for  train  resistance 348,  e 

BALLAST.— Chap.  VII. 

cost 200, 358,  o 

crossHsections 198 

laying 199 

materials 197 

Banjo  signals,  in  block  signaling 308 

Barometer,  reduction  of  readings  to  32°  F. — Table  XI p.  647 

use  of  aneroid  in  reconnoissanoe  leveling 7 

Barometric  elevations — Table  XII ,  p.  648 

coefficients  for  corrections  for  temperature  and 

humidity— Table  XIII p.  648 

Beams,  strength  of  stringers  considered  as 156 

Bearings,  compass,  use  as  check  on  deflections, 16, 17 

in  preliminary  surveys 11 

Belgian  system  of  tunnel  excavation 171 

Belpaire  fire-box 318 

Blasting 117-123 

use  in  loosening  earth 107,  e 

BLOCK    SIGNALING.— Chap.  XIV. 

Boiler  for  locomotive 317, 318 

Boiler-power  of  locomotives,  relation  to  tractive  and  cylinder  power. .  326 
Bolts — see  Track  bolts. 

Bonds  of  railroads,  security  and  profits 369 

Borrow-pits,  earthwork 89 

Bowls  (or  pots)  as  rail  supports 201,  223 

Box-cars,  size  and  capacity 328 

Box  culverts 188-190 

old-rail 190 

stone 189 

wooden 188 

Bracing  for  trestles 140, 141 

design i 159 

Brakes — see  Train-brakes. 

Brake  resistances 346 

Bridge  joints  (rail) 240 

Bridge  spirals .,.,.,• 0 
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Bridges  and  culverts,  as  affected  by  changes  in  alignment 405,  422, 

437,  444,  450 

cost  of  repairs  and  renewals 387 

Bridges  of  standard  dimensions  for  small  spans 195 

in  block  signaling 308 

Bridges,  trestles  and  culverts  on  railroads,  cost 357 

Broken-stone  ballast 197 

Bumettizing  (chloride-of-zinc  process)  for  preserving  timber 213 

Capital,  railroad,  classification  of 369 

returns  on 369, 370 

Caps  (trestle),  design 158 

Car  mileage,  nature  and  cost — ^Table  XX,  p.  425.  and 400 

Cars 328-332 

brake-beams 330 

capacity  and  size 328 

ccusea  of  deterioration,  items  13  and  14 406 

cost  of  renewals  and  repairs 391 

as  affected  by  changes  in  alignment .  .  406, 
423,  437,  444,  450 

draft-gear 331 

gauge  of  wheels  and  form  of  wheel-tread 332 

stresses  in  car  frames 329 

truck  frames 330 

use  of  metal 330 

wheels,  kinetic  energy  of 347 

Care  and  horses,  use  in  earthwork 109,  e 

and  locomotives,  use  in  earthwork 109,  / 

Carte  and  horses,  use  in  earthwork 109,  a 

Cattle  fl^iiards 193 

passes 194 

Center  of  gravity  of  side-hill  sections,  earthwork 92 

Central  angle  of  a  curve 21 

Centrifugal  force,  counteracted  by  superelevation  of  outer  rail 41,  42 

of  connecting-rod,  etc.,  of  locomotive 325 

Chairs  as  suptx>rts  for  double-headed  rails 226 

Chemical  composition  of  rails 232, 233,  a 

purification  of  water 281 

Cinders  for  ballast 197 

Circular  lead  rails  for  switches 262 

Clark's  formula  for  train  resistance 348,  d 

Classification  of  excavated  material 124 

Clearance  card  in  permissive  block  signaling 304 

spaces  in  locomotives 321 

Clearing  and  grubbing  for  railroads,  cost 355 

Coal  consumption  in  locomotives 319 

per  car-mile 319 

Columbia  locomotives,  running  gear 323 

Compass,  use  of,  in  preliminary  surveys 1 1 

Competitive  traffic 409  et  sen. 

rates,  equality,  regardless  of  distance 410 

Compensation  for  curvature 427 ,42& 
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Compensation  for  curvature  rate 428 

reasons 427 

rules  for 428 

Compensators  in  block  signaling 309 

Compound  curves 37-40 

modifications  of  location 39 

nature  and  use 37 

multiform,  used  as  transition  curves 45 

mutual  relations  of  the  parts 38 

Compound  sections,  earthwork 61 

Computation  of  earthwork 70-95 

approximate,  from  profiles 95 

using  a  slide  rule 79 

Conducting  transportation,  cost  of 393-402 

as  afiected  by  changes  in  curvature 424 

distance 407 

minor  grades  ....  437 

ruling  grades 444 

pusher  engines 450 

Coning  wheels,  effect 313 

Connecting  ciurvto  from  a  curved  track  to  the  inside 273 

from  a  curved  track  to  the  outside 272 

from  a  straight  track 271 

Consolidation  locomotives,  equalizing  levers 324 

frame 316 

running  gear 323 

Constants,  numerical,  in  common  use — Table  XXXI p.  651 

Construction  of  tunnels 169-174 

Contours,  obtained  by  cross-sectioning 12 

Contractors  profit,  earthwork. 115 

Corbels  for  trestles 144 

Cost  of  an  additional  train  to  handle  a  given  traffic — Table  XXVII . . .   445 

of  ballast 200 

of  blasting 123 

of  chemical  treatment  of  timber 216 

of  earthwork 106  et  sfq. 

of  framed-timber  trestles 150 

of  metal  ties 222 

ot  pile  trestles 134 

OF    RAILROADS.— Chap.  XVII. 

detailed  estimate 362 

of  rails 236 

of  ties 209 

of  transportation 364 

of  treating  wooden  ties 216 

of  tunneling 175 

Counterbalancing  for  locomotives 325 

Creosoting  for  preserving  timber 212 

Cross-country  routes — reconnoissance 4 

Crossings,  one  straight,  one  curved  track 278 

two  curved  tracks 279 
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Crossings,  two  ciiryed  tracks,  numerical  example 270 

two  straight  tracks 277 

Cross-over  between  two  parallel  curved  tracks,  reversed  curve 276,  b 

curved     tracks,    straight     connecting 

curve 276,  a 

straight  tracks 274 

Cross-sectioning,  for  earthwork  computations 68 

for  preliminary  surveys 12 

irregular  sections  for  earthwork  computations 87 

Cross-sections  of  ballast 198 

of  tunnels 164 

Cross-ties — see  T^^* 

Crown-bars  in  locomotive  fire-box 318 

CULVERTS  AND   MINOR  BRIDGES.— Chap.  VI. 

Culverts,  arch 191, 192 

area  of  waterway 178-183 

iron-pipe 186 

old-rail 190 

stone  box 189 

tile-pipe 187 

wooden  box 188 

CURVATURE.— Chap.  XXII. 

compensation  for 427, 428 

correction  for,  in  earthwork  computations 90-93 

danger  of  accident  due  to 418 

effect  on  cost  of  conducting  transportation 424 

of  maintenance  of  equipment 423 

of  maintenance  of  way 422 

operating  expenses  of  a  change  of  1° — Table  XXII,  426 

'  travel 419 

extremes  of  sharp 429 

general  objections 417 

of  existing  track,  determination 36 

proper  rate  of  compensation 428 

Curve,  elements  of  a  1* 23 

location  by  deflections 26 

by  middle  ordinates 29 

by  offsets  from  long  chord 30 

by  tangential  offsets 28 

by  two  transits 27 

resistance  of  trains 311,  312.  345 

effect  on  cost  of  conducting  transportation.  .   424 
maintciiiince  of  equipment..   423 

maintenance  of  way 422 

Ctirves,  elements  of 21 

instrumental  work  in  location 26 

limitations  in  location 34 

method  of  computing  length 20 

modifications  of  location 33 

mutual  relations  of  elements 22 

obstacles  to  location "^ 
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Curves,  simple,  method  of  designation 18 

use  and  value  of  other  methods  of  location  (not  using  a  transit). .     31 
Cylinder  power  of  locomotives,  relation  to  boiler  and  tractive  power. . .  326 

Deflecting  rods  for  operating  block  signals 309 

Deflections  for  a  spiral 48 

Degree  of  a  curve 18 

Design  of  culverts 177  et  aeq. 

framed  trestles 151-159 

bracing 159 

caps  and  sills 158 

floor  stringers 156 

posts « 157 

nutlocks 253 

pile  trestles 133 

tie-plates 245 

track  bolts 252 

tunnels 168 

distinctive  systems 171 

Development,  definition 5 

example,  with  map 5 

methods  of  reducing  grade 5 

Disadvantages  of  re-locations  of  old  lines 457 

DISTANCE.— Chap.  XXI. 

effect  of  change  on  business  done 416 

on  division  of  through  rates 411 

effect  on  operating  expenses 405-  408 

justification  of  decrease  to  save  time 415 

relation  to  rates  and  expenses 403 

Distant  signals  in  block  signaling 306 

Ditches  to  drain  road-bed 64 

Dividends  actually  paid  on  railroad  stock 369 

Double-ender  locomotives,  running  gear 323 

Double-track,  distance  between  centers 62 

Draft  gear 331 

**continuous" 331 

Drainage  of  road-bed,  value  of 64,  66 

Drains  in  tunnels 168 

Draw-bars 331 

DriUing  holes  for  blasting 118, 119 

Driving-wheels  of  locomotives 323 

section  of 325 

Drop  tests  for  train  resistance 350 

Durability  of  metal  ties 219 

rails 234,235 

wooden  ties 204 

Dynamometer  tests  of  train  resistance 349 

Earnings  of  railroads,  estimation  of 373 

per  mile  of  road 373 

EARTHWORK— Chap.  III. 

.Earthwork  computations,  accuracy 94 

approximate  coi!Q.v>3A.a.\\ot«  Itcim  \rK:&Sn&. . .     06 
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Earthwork  computations,  relation  of  actual  volume  to  numerical  result    66 

Earthwork,  cost 106  et  seq.,  356 

limit  of  free  haul 105 

method  of  computing  haul 99  et  aeq. 

shrinkage 96 

surveys 66-69,  a 

Eccentricity  of  center  of  gravity  of  earthwork  crossHsection 91 

Economics,  railroad,  justification  of  methods  of  computation 367,426 

.  nature  and  limitations 365 

of  ties 202 

of  treated  ties 217 

Elements  of  a  1°  ciurve 23 

simple  curve 21 

transition  curves — Table  IV pp.  520-522 

Embankments,  method  of  formation 98 

usual  form  of  cross-section 58 

Empirical  formuke  for  culvert  area 180 

accuracy  required 183 

value 181 

Engineering,  proportionate  and  actual  cos#,  in  railroad  construction .  .   353 

Engineering  News  formula  for  pile-driving 131 

for  train  resistance 348,  c 

Engineer's  duties  in  locating  a  railroad 366 

Engine-houses  for  locomotives 289 

Enginemen,  basis  of  wages 394, 407 

English  system  of  timnel  excavation 171 

Enlargement  of  tunnel  headings 170 

Entrained  water  in  steam 321 

Equalizing-levers  on  locomotives 324 

Equipment,  effect  of  curvature  on  maintenance  of 423 

Equivalent  level  sections  in  earthwork,  determination  of  area 77 

sections  in  earthwork,  determination  of  area 76 

Estimation  of  probable  volume  of  traffic  and  of  probable  growth 373 

Excavation,  usual  form  of  cross-section 58 

Exhaust-steam,  effect  of  back-pressure 321 

Expansion  of  rails 230 

Explosives,  amoimt  used 120 

firing 122 

tamping 121 

use  in  blasting 117 

Expenditure  of  money  for  railroad  purposes,  general  principles 377 

External  distance,  simple  curve 21 

table  of,  for  a  1°  curve — Table  II , p.  516 

Factors  of  safety,  design  of  timber  trestles 155 

Failures  of  rail  joints 241 

Fastenings  for  metal  cross-ties 221 

Field  work  for  locating  a  simple  curve 26 

a  spiral 50 

Fire-box  of  locomotive 318 

required  area 318 

Fire-brick  arches  in  locomotive  fire-box 318 
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Pire  protection  on  treetles. 148 

Five-leyel  sections  in  earthwork,  computation  of  area 80 

Fixed  charges,  nature  and  ratio  to  total  disbursementB 378 

FUmses  of  wheels,  form 332 

Flanging  locomotive  driving-wheels,  effect 314 

Floor  sirstems  for  trestling 143-150 

Formation  of  embankments,  earthwork 96-98 

railroad  corporations,  method 368 

Formulse  for  pile-driving 131 

required  area  of  culverts 180 

train  resistance 348 

trigonometrical — Table  XXX pp.  649,  660 

useful,  and  constants — Table  XXXI p.  651 

Fouling  point  of  a  siding 310 

Foundations  for  framed  trestles 139 

FRAMED    TRESTLES 135-159 

abutments 142 

bracing 140, 141 

Cost 150 

design 135, 151-159 

foundations , 139 

joints 136 

multiple  stony  construction 137 

span 138 

Frame  of  locomotive,  construction 316 

Free  haul  of  earthwork,  limit  of 105 

Freight  yards 295-299 

general  principles 295 

minor  yards 297 

relation  of  yard  to  main  tracks 296 

track  scales 299 

transfer  cranes 298 

French  system  of  tunnel  excavation 171 

Friction,  laws  of,  as  applied  to  braking  trains.. 334 

Frogs,  diagrammatic  design , 255 

Elliot,  illustrated  in  JPlate  VIII,  opposite  O-  267. 

for  switches 255, 256 

to  find  frog  number 256 

trigonometrical  functions — Table  111,  p.  519. 
Weir,  illustrated  in  Plate  VIII,  opposite  p.  267r 

Fuel  for  locomotives,  cost  of 395,  407,  item  22,  and  Table  XX 

as  affected  by  changes  in  alignment,  407,  424,. 
437.  444,  450 

German  sjrstem  of  timnel  excavation 171 

GRADE.— Chap.  XXIII. 

(see  Minor  grades,  Pusher  grades.  Ruling  grades). 

accelerated  motion  of  trains  on 431 

distinction  between  ruling  find  minor  grades 430 

in  tunnels 165 

line,  change  in,  based  on  mass  diagram 104 

reeiatance  of 344 
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Grade,  undulatory,  advantages,  'disadvantages,  and  safe  limits 434 

virtual.... 432 

use,  value,  and  misuse 433 

Grade  resistance  of  trains 344 

Gravel  Jiallast 197 

Gravity,  tests  of  train  resistance 360 

Grate  Area  of  locomotives 318, 320 

ratio  to  total  heating  surface 320 

Gravity,  effect  on  trains  on  grades 344 

tests  of  train  resistance 350 

Ground  levers  for  switches. 250 

Growth  of  raihroad  traffic 373 

affected  by  increase  of  facilities 375 

Guard  rails  for  switches 261 

.    •        lor  trestles 146 

Guides  around  curves  and  angles  (signaling  mechanism) 309 

Gun-powder  pile^lrivers 130 

Hand-brakes. 335 

Haul  of  earthwork,  computation  of  length ' 99  et  aeq. 

cost. 109, 116 

limit  of  profitable 116 

method  depending  on  distance  hauled 110 

Headings  in  tunnels 169 

Heating  surface  in  locomotives 320 

Hire  of  equipment  (rolling stock),  nature  of  item  and  cost —  Table  XX . .  400 

Hoosac-Tuoo^f  surveys  for 160, 168 

Hump  in  a  grade,  operating  value  of  removal 439 

I-beam  bridges,  standard 196 

IMPROVEMENT  OF  OLD  LINES.— Chap.  XXIV. 

classification 455 

Inertia  resistances 347 

Instrumental  work  in  locating  simple  curves 26 

spirals 60 

Interest  on  cost  of  railroads  during  construction 360 

Iron  pipe  culverts 186 

Irregular  prismoids,  volume. 82 

■sections  in  earthwork,  computation  of  area 81 

Jointsjramed  trestles 136 

raU.  . ; 237-243 

Journal  friction  of  axles 343,  b 

Kinetic  energy  of  trains 431 

Kyamzing  (bichloride-of -mercury  or  corrosive-sublimate  process)  for 

preserving -timber.  . .  .  ..,-.. 214 

Land  and  land  damages^  i^oet 354 

Lateral  bracing- for  trestles.-.-. , .-. . 141 

Length  of  rails.-  .;•.■...•,... 229 

a  simple  curve 20 

a-spiral.  . 63 

Level,  dumpy,  adjustments  of — Appendix p.  608 

wye,  adjustments  of — Appendix p.  606 

LeveUngi  location  surveys 10 
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Level  sections*  volume  of  priamoids  surveyed  as ••••••    74 

numerical  example 76 

Life  of  locomotives 327 

Lixnitatioiis  in  location  of  track 34 

of  maximum  curvature 420 

Lining  of  tunnels 166 

XoadinK  earthwork,  cost 108 

of  trestles 164 

Local  traffic,  definition  and  distinction  from  through 409 

Location  of  stations  at  distance  from  business  centers,  effect 376 

Location  Surveys — paper  location 15 

surveying  methods 16 

Locomotives,  as  affected  by  changes  in  alignment 406, 423, 437, 444, 450 

causes  of  deterioration,  item  12 406 

cost  of  renewals  and  repairs 390 

general  structure 316-326 

life  of : 327 

types  permissible  on  sharp  curvature 420,  h 

(For  details,  look  for  the  particular  item.) 

Logarithmic  sines  and  tangents  of  small  angles — Table  YI p.  543 

sines,  cosines,  tangents,  and  cotangents — ^Table  VII. . .  p.  546 

versed  sines  and  external  secants — ^Table  VIII p.  591 

Logarithms  of  numbers — Table  V .....•>.  523 

Long  chords  for  a  1"  curve — Table  II p.  516 

of  a  simple  curve 21 

Longitudinal  bracing  of  a  trestle 140 

Longitudinals  (rails) 201.  224 

Loop — see  Spiral. 

Loosening  earthwork,  cost 107 

Loss  in  traffic  due  to  lack  of  facilities 376 

Magnitude  of  railroad  business *  363 

Maintenance  of  equipment,  as  affected  by  changes  in  curvature 423 

distance 406 

minor  grades.. . .  437 
ruling  grades.. . .  444 

piiBher-engines 450 

eostof 389-392 

Maintenance  of  way  as  affected  by  changes  in  curvature 422 

distance 405 

minor  grades. 437 

ruling  grades 444 

pusher-engines 450 

eost  of 384-388 

Maps,  use  of,  in  reconnoissance 6 

Mass  curve,  area 102 

properties 101 

diagram,  effect  of  change  of  grade  line 104 

haul  of  earthwork 100 

value 103 

MatbemAtical  design  of  switches 262-275 

MeMurementSp  iocation  eurveys, .  .,.,,,,,.,.« ^  ««««««««•  1 1  •  * 16 
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i  of  brakes 335-337 

METAL  TIES 218-223 

coat 222 

durability 219 

extent  of  use 218 

fastenings 221 

form  and  dimensions 220 

Middle  areas,  volume  of  prismoid  computed  from 72 

ordinate  of  a  simple  curve 21 

Mileage,  car 400 

locomotives,  average  annual 327 

MIITOR  GRADES 435-439 

basis  of  cost 436 

classification 436 

effect  on  operating  expenses 437 

estimate  of  cost  of  one  foot  of  change  of  elevation.  .  . .  438 
operating   value   of   the   removal  of  a  hump  in  a 

grade 439 

Minor  openings  in  road-bed 193-195 

Minor  stations,  rooms  required,  construction 287 

MISCELLANEOUS    STRUCTURES    AND    BUILDINGS.— Chap.  XII. 

Modifications  in  location,  compound  curves 39 

simple  curves 33 

Mogul  locomotives,  running  gear 323 

Monopoly,  extent  to  which  a  railroad  may  be  such 371 

Mountain  routes — reconnoissance 5 

"  Mud  "  ballast 197 

sills,  trestle  foundations 139,  b 

Multiform  compound  curves  used  as  spirals 45 

Multiple  story  construction  for  trestles 137 

Myer's  formula  for  culvert  area 180 

Natural  sines,  cosines,  tangents,  and  cotangents — Table  IX p.  637 

versed  sines  and  external  secants — Table  X p.  642 

Non-competitive  traffic,  definition 409 

effect  of  variations  in  distance 413,  414 

extent  of  monopoly 371 

Notes — ^form  for  cross-sectioning 12 

location  surveys 17 

reconnoissance 7 

Number  of  a  frog,  to  find 256 

of  trains  per  day,  probable ' 374 

Nut-locks,  design ^ .  253 

Obstacles  to  location  of  trackwork 32 

Obstructed  curve,  in  curve  location 32,  e 

Old  lines,  improvement  of — Chap.  XXIV 

rail  culverts 190 

Open  cuts  vs.  tunnels 174 

OPERATING   EXPENSES.— Chap.  XX. 

detailed  classification— Table  XX 382-402 

effect  of  change  of  grade— 439,  and  Table 

XXIV. p.  472 
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Operating  expenses,  effect  of  curvature  on 421-426 

distance  on 405-408 

estimated   cost   of  each   additional  foot — Table 

XXI 408 

of   each  additional  mile — Table 

XXI 408 

of  1^  additional  of  central  angle 

—  Table  XXII 425 

fourfold  distribution 379 

per  train  mile 380 

reasons  for  uniformity  per  train  mile 381 

(For  details  look  for  the  particular  item.) 

Operation  of  trains,  effect  of  curvature  on 420 

Oscillatory  and  conoussive  velocity  resistances,  train 342 

Ordinates  of  a  spiral 47 

Paper  locatiou*in  location  surveys 15 

Passengers  carried  one  mile 363 

Physical  tests  of  steel  splice  bars 243,  a 

steel  rails 233,  a 

pirks,  use  in  loosening  earth 107,  h 

Pile  bents 129, 133 

driving , 130 

driving  formulse 131 

points  and  shoes 132 

trestles,  cost 134 

design 133 

PILE    TRESTLES 129-134 

Pilot  truck  of  locomotive,  action 315 

PIPE  CULVERTS 184-187 

advantages 184 

construction 185 

iron 186 

tUe 187 

Pipe  compensator 309 

Pipes,  use  in  block  signaling 309 

Pit  cattle  guards 193 

Platforms,  station 286 

Ploughs,  use  in  loosening  earth 107,  a 

Point  of  curve 21 

inaccessible,  in  curve  location 32, 6 

Point  of  tangency 21 

inaccessible,  in  curve  location 32,  & 

Point-rails  of  switches,  construction 258 

Point-switches 258 

Pony  truck  of  locomotive,  action 315 

Portals,  tunnels,  methods  of  excavation 173 

Posts,  trestle,  design  of 157 

Preliminary  financiering  of  railroads — Chap.  XIX..  and 352 

PreJiminary  surveys — cross-section  method 11 

"first"  and  "second" 14 

general  character 10 
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Preliminary  surreys,  value  of  re-surveys  at  critical  points 14 

Preservative  processes  for  timber,  cost 216 

general  principle 210 

methods 211-215, 217 

Prismoidol  correction  for  irregular  prismoids,  approximate  value 85 

true  value 83 

in  earthwork  computations,  comparison  of  exact 

and  approximate  methods 86 

formula,  proof 70 

Prismoid,  irregular,  computation  of  volume 82 

Prismoids,  in  earthwork  computations 67 

Profit  and  loss,  dependence  on  business  done ; . .  372 

small  margin  between  them  for  railroad  promoters 370 

Profits  (and  security)  in  the  two  general  classes  of  railroad  obligations. . .  369 

Profit,  in  earthwork  operations 115 

PROMOTION    OF    RAILROAD    PROJECTS.— Chap.  XIX. 

Pumping,  for  locomotive  water-tanks 283,  284 

Pusher  grades 446-451 

comparative  cost 450^  451 

general  principles 446 

required  balance  between  througli  an  J  pusher  grades.  .   447 

required  length 449 

Pusher  engiijies,  cost  per  mile — Table  XXIX p.  488 

operation 448 

service 450 

Radiation  from  locomotives 321 

into  the  exhaust-steam 321 

Radu  of  curves — Table  I p.  512 

Radius  of  curvature  (of  track),  relation  to  operating  e::pen3es 421 

Rail  braces 244 

expansion,  resistance  at  joints  and  ties  to  frea  expansion 251 

FASTENINGS.— Chap.  X. 

gap.  effect  of,  at  joints 239 

joints 237-243,  a 

* '  Bonzano  " 243 

*'Cloud" 243 

"'Continuous" 243 

"Fisher" 243 

••Weber" 243 

"100  per-cent" 243 

"bridge" , 240 

effect  of  rail  gap 239 

efficiency  of  angle-bar 238 

failures 241 

later  designs 243 

specifications 243,  a 

"supported" 238,240 

"suspended  " 238, 240 

theoretical  requirements  for  perfect 237 

sections 225, 226 

A.S.C.E 226 
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Rail  sections,  "bridge" 226 

*'buU-headed" , 226,226 

compound 240 

**pear"  section 225 

radius  of  upper  comer,  effect 226 

reversible 226 

"Stevens" 225 

'*  Vignoles" 225 

RAILS.— Chap.  IX. 

branding 233-a,ll 

cast-iron 225 

cost 236,  358,  c 

of,  as  affected  by  changes  in  curvature 422 

distance 405 

minor  grades 437 

ruling  grades 444 

pusher  engines 450 

of  renewals  of 234  235, 385 

chemical  composition 232, 233,  a 

effect  of  stiffness  on  traction 228 

expansion 230 

stresses  caused  by  prevention  of  expansion 230 

rules  for  allowing  for 231 

inspection 233-a-12 

length 229 

allowable  variation 233,  a,  8 

45-  and  60-foot  rails 229 

No.  2 233-a-13 

physical  properties 233  a,  3 

relation  of  weight,  strength,  and  stiffness 228 

temperature  when  exposed  to  sim 231 

testing 233, 233,  o 

tons  per  mile 358,  c 

wear  on  curves 235 

tangents 234 

weight,  allowable  variation 233-a-7 

for  various  kinds  of  traffic 358 

Rates  based  on  distance,  reasons 404 

through,  method  of  division  of 410 

Receipts  (railroad),  effect  of  distance  on 409-416 

Reconnoissance  over  a  cross-coimtry  route 4 

surveying,  leveling  methods 7 

surveys 1-9 

character  of 1 

distance  measurements 8 

mountain  route 5 

selection  of  general  route 2 

value  of  high  grade  work 9 

through  a  river  valley 3 

Reduction  of  barometer  reading  to  32°  F. — Table  XI p.  647 

Renewal  of  rails,  cost  of 234, 236, 385 
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Renewal  of  rails,  cost  of,  as  affected  by  changes  in  ourvature 422 

distance 405 

minor  grades 437 

ruling  grades 444 

pusher  engines 450 

Renewal  of  tie»  cost  of 208,  et  »eq.  386 

as  affected  by  changes  in  curvature 422 

distance 405 

minor  grades 437 

ruling  grades 444 

pusher  engines 450 

regulations  governing  it 208 

Repairs  and  renewals  of  locomotives,  cost 390 

as    affected    by  change  of  dis- 
tance  406 

curvature 423 

minor  grades..  437 
by  ruling  grades  444 

Repairs  of  roadway,  cost  ci 384 

as  affected  by  changes  in  curvature 422 

distance 405 

minor  grades 437 

ruling  grades. . . .  444 

pusher  engines 450 

Repairs,  wear«  depreciation,  and  interest  on  cost  of  plant ;  cost  for  earth- 
work operations 113 

Replacement  of  a  compound  curve  by  a  curve  with  spirals 53 

simple  curve  by  a  curve  with  spirals 51 

Requirements,  nut-locks 251 

perfect  rail-joint 237 

spikes 247 

track-bolts 251 

Resistances  internal  to  the  locomotive 341 

(see  Train  Resistance.) 

Revenue,  gross,  distribution  of 378 

Roadbed,  form  of  subgrade 63 

width  for  single  and  double  track 62 

Roadway,  cost  of  repairs  of 384 

as  affected  by  changes  in  curvature 422 

distance 405 

minor  grades 437 

ruling  grades 444 

pusher  engines 450 

Roadways,  earthwork  operations,  cost  of  keeping  in  order 112 

Rock  ballast 197 

Rock  cuts,  compound  sections 61,  62 

Rolling  friction  of  wheels 343,  a 

ROLLING    STOCK.— Chap.  XIV. 

Rotative  kinetic  energy  of  wheels  of  train 347,  431 

Rules  for  switch-laying 276 

EnUnff  grades ♦ , ,..,,,....  440-445 


668  INDEX.  -      '       < 

Ruling  grades,  choice  of 441 

definition ^  440 

operating  value  of  a  reduction  in  rate  of 445 

proportion  of  traflfic  affected  by 443 

Run-off  for  elevated  outer  rail 43 

Running  gear  of  locomotives,  types 323 

Scales,  track '. 298 

Scrapers,  use  in  earthwork 109,  d 

Screws  and  bolts,  as  rail-fastenings 249 

Searles's  formula  for  train  resistance 348,  a 

Section-houses,  value,  construction 288 

Selection  of  a  general  route  for  a  railroad 2 

Semaphore  boards,  in  block  signaling 308 

Setting  tie-plates,  methods 246 

Shafts,  tunnel,  design 167 

surveying 161 

Shells  and  small  coal,  used  as  ballast 197 

Shifting  centers  for  locomotive  pilot  trucks,  action 315 

Shoveling  (hand)  of  earthwork,  cost 108,  a 

(steam)  of  earthwork,  cost 108,  b 

•     Shrinkage  of  earthwork 96 

allowance 97 

Side-hill  work,  in  earthwork  computations 88 

correction  for  curvature 91 

Signaling,  block,  "absolute^'  blocking 304 

automatic. 305 

manual  systems 302-304 

permissive 304 

Signals,  mechanical  details 308 

Sills  for  trestles,  design 158 

Simple  curves ^ 18-30 

Skidding  of  wheels  on  rails 333,  334 

Slag,  used  for  ballast , 197 

Slide-rule,  in  earthwork  computations 79 

Slipping  of  wheels  on  rails,  lateral 812 

longitudinal 311 

Slopes  in  earthwork,  for  cut  and  fill 60,  62 

effect  and  value  of  sodding. 65 

Slope-stake  rod,  automatic 69,  a 

Slope-stakes,  determination  of  position 69 

Sodding  slopes,  effect  and  value 65 

Spacing  of  tics 206 

Span  of  trestles 138 

Specifications  for  earthwork. 125 

steel  rails •. 233,  a 

steel  splice-bars 243,  a 

wooden  ties 207 

Speed  of  trains,  reduction  due  to  curvature 419,  a 

relation  to  superelevation  of  outer  rail 41, 42 

relation  to  tractive  adhesion 334. « 

ftwates, , , , .  V 247-250 
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spikes,  coBt 358,  d 

driving 248 

number  per  mile  of  track 358,  d 

requirements  in  design 247 

•'wooden,"  for  plugging  spike-holes 250 

Spirals,  bridge  and  tunnel 5 

(see  Transition  Curves.) 
Splice-bars — (see  Angle-bars). 

Split  stringers,  caps,  and  sills 129,  143 

Spreading  earthwork,  cost IH 

Stadia  method — for  preliminary  surveys 13 

Stand  pipes,  for  locomotive  water-supply 285 

Starting  grade  at  stations,  reduction  of 460 

Staybolts  for  locomotive  fire-boxes 318 

Stays,  in  locomotive  fire-box 318 

Steam  pile-drivers 130 

Steam-shoveling  of  earthwork 108,  b 

Stiffness  of  rails,  effect  on  traction 228 

Stocks  of  railroads,  security  and  profits 369 

Stone  box  culverts 189 

foimdations  for  framed  trestles 139,  c 

Straight  connecting  curve  between  two  parallel  curved  tracks 275,  a 

from  a  curved  main  track 273 

frog  rails,  effect  on  design  of  switch 263 

point  rails,  effect  on  design  of  switch 264 

Strength  of  timber 153 

factors  of  safety 155 

required  elements  for  trestles 152 

Stringer  bridges,  standard,  steel 195 

Stringers,  design 156 

for  trestle  floors 143 

Stub-switches 257 

Subchord,  length 19 

Subgrade,  of  roadbed,  form 63 

Superelevation  of  the  outer  rail  on  curves,  L.  V.  R.  R.  run-off 43 

on  trestles 147 

practical  rules 42 

standard   on    N.  Y.  N.  H. 

&H.  R.  R 42 

theory 41 

Superintendance,  ooBt  in  earth  operations 114 

of  conducting  transportation 393 

of  maintenance  of  equipment 389 

Supported  rail-joints 240 

Surface  cattle  guards 193,  b 

surveys  for  tunneling 160 

Surveys  and  engineering  expenses  for  railroads,  cost 353 

accuracy 163 

for  tunneling 160-163 

with  compass 11 

Suspended  rail-joints 240 
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Swinging  pilot  truck  on  locomotive 315 

Switchbacks 5 

Switch  construction 254  261 

essential  elements 254 

frogs 255.  256 

guard  rails 261 

point 258 

stands 259 

stub 257 

tie  rods 260 

SWITCHES   AND    CROSSmCS,.  .Chap   XI 

Switches,   mathematical   design 262-276 

comparison  of  methods .- 266 

using  circular  lead  rails 262 

using  straight  frog  rails 263 

using  straight  point  rails 264 

using  straight  frog  rails  and  strajght 

point  rails 265 

Switching  engines,  nmning  gear 323 

used  in  pusher-engine  service 448 

Switch  leads  and  distances— Table  III p.  519 

laying,  practical  rules 259 

stands 276 

TABLES.  numbers  refer  to  pages,  not  sections^ 

I.  Radii  of  curves 512-515 

II.  Tangents,  external  distances  and  long  chords  for  a  1**  curve, 

516-518 

III.  Switch  leads  and  distances 519 

IV.  Elements  of  transition  ciurves 520-522 

y.  Logarithms  of  numbers 523-542 

VI.  Logarithmic  sines'  and  tangents  of  small  angles 543-545 

YII.  Logarithmic  sines,  cosines,  tangents,  and  cotangents. ..  546-590 

VIII.  Logarithmic  versed  sines  and  external  secants 591-636 

IX.  Natural  sines,  cosines,  tangents,  and  cotangents 637-641 

X.  Natural  versed  sines  and  external  secants 642-646 

XI.  Reduction  of  barometer  reading  to  32°  F 647 

XII.  Barometric  elevations 648 

XIII.  Coefficients  for  corrections  for  temperattu^  and  humidity. .  648 

XIV.  Capacity  of  cylindrical  water-tanks  in  United  States  standard 

gallons  of  231  cubic  inches 301 

XV.  Number  of  cross-ties  per  mile 396 

XVI.  Toiid  per  mile  (with  cost)  of  rails  of  various  weights 397 

XVII.  Spli6e  bars  and  bolts  per  mile  of  track 398 

XVIII.  Railroad  spikes 398 

XIX.  Track  bolts,  av^raige  number  in  a  keg  of  200  pounds 398 

XX.  Classification  of  operating  expenses  of  all  railroads,  to  face  p.  425 

XXI.  Effect  on  operating  expenses  of  changes  in  distance 439 

XXII.  Effect  on  operating  expenses  of  changes  in  curvature 453 

XXIII.  Velocity  head  of  trains 463 

XXIV.  Effect  on  operating  expenses  of  changes  in  grade 472 

XXV.  Tractive  power  of  locomoUves 475 
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TABLES. 

XXVI.  Total  train  resistance  per  ton  on  yarions  grades 477 

XXVII.  Cost  of  an  additional  train  to  handle  a  given  traffic 480 

XXVIII.  Balanced  grades  for  one,  two,  and  three  engines 485 

XXIX.  Cost  per  mile  of  a  pusher-engine 488 

XXX.  Useful  trigonometrical  formulse 649, 650 

XXXI.  Useful  formuke  and  constants 651 

Talbot's  formula  for  culvert  area 180 

Tamping  for  blasting 121 

Tangents  for  a  1**  curve — Table  II p.  516 

Tangent  distance,  simple  curve 21 

Tanks,  water,  for  locomotives 282 

capacity  of  cylindrical  tanks 282 

track 284 

Temperature  allowances,  while  laying  rails 231 

Ten-wheel  locomotives,  rimning  gear 323 

Telegraph  lines  for  railroads,  cost 361 

TERMINALS.— Chap.  XIII. 

inconvenient,  resulting  loss 376 

justification  for  great  expenditures 376 

Terminal  pyramids  and  wedges,  in  earthwork 59 

Tests  for  splice  bars 243,  a 

for  rails. 233,  a 

to  measiire  the  efficiency  of  brakes 338 

Three-level  sections  in  earthwork,  determination  of  area 78 

numerical  example 78 

Throw  of  a  switch 262 

Through  traffic,  definition 409 

division  of  receipts  between  roads 410 

effect  of  changes  in  distance  on  receipts. 411 

Tie-plates 244-246 

advantages 244 

elements  of  design 245 

method  of  setting 246 

Tie  rods,  for  switches 260 

TIES.— Chap.  VIII. 

cost  of  renewal  of 208  et  aeq.  386 

as  affected  by  changes  in  curvature 422 

distance 405 

minor  grades 437 

ruling  grades 444 

pusher-engines 450 

metal 218-223 

cost. 222 

durability 219 

extent  of  use 218 

fastenings 221 

form  and  dimensions 220 

number  per  inile  of  track — Table  XV p.  396 

on  trestles 146 

wooden 203-217 
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Ties,  wooden,  choice  oi  wood 203 

constructioa 207 

cost 209. 358,  b 

dimensions 205 

durability 201 

economics 202 

quality  of  timber 207 

spacing , 206 

specifications 207 

Tile  drains,  to  drain  roadbed Ci 

pipe  culverts 187 

Timber,  choice  for  trestles 149 

piles 129 

ties 203 

strength  of 153 

Tons  carried  one  mile 363 

Topographical  maps,  use  of,  in  reconnaissance 6 

Track  bolts,  average  number  in  a  keg  of  200  pounds 358,  d 

cost 358,  d 

design 252 

essential  requirements 251 

number  required  per  mile 358,  d 

circuit  for  automatic  signaling 310 

laying  on  railroads,  cost 358, « 

scales 299 

Tractive  power  of  locomotives.  Table  XXV  p.  475  and 322 

relation  to  boiler  and  cylinder  power.. 326 

Traffic,  classification  of 409 

TRAIN-BRAKES 333-339 

automatic 337 

brake-shoes 339 

general  principles 333, 334 

hand-brakes 335 

straight  airbrakes 336 

tests  for  efficiency 338 

Train  length  limited  by  curvature. - 420,  a 

load,  financial  value  of  increasing 444 

maximum  on  any  grade 442 

loads,  methods  of  increasing 455,  &,  458  et  »eq. 

RESISTANCE.— Chap.  XVI. 

total,  per  ton,  on  various  grades — Table 

XXVI  p.  477  and 444 

service,  cost  of,  397  and  Table  XX. 

as  affected  by  changes  in  alignment,  407,  424,  437, 

444,  450 
supplies  and  expenses,   cost  of,   in  conducting  transportation — 

398  and  Table  XX. 
wages — (see  Train  service). 

Transfer  cranes  in  freight  yards 298 

Transit,  adjustmenta  of .p.p.  601-506 

Transition  curves 41-53 
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Transition  curves,  Table  IV PP.  620-522 

application  to  compound  cunres 52 

field  work 60 

fundamental  principle 44 

replacing  a  compound  curve  by  curves  with  spirals    53 
simple  curve  by  a  curve  with  spirals. ...     61 

required  length 46 

their  relation  to  tangents  and  simple  curves 49 

to  find  the  deflections  from  any  point 48 

ordinates 47 

Transportation,  effect  of  curvature  on  conducting 424 

TRESTLES.— Chap.  IV. 

cost 150 

extent  of  use 126 

framed 135-160 

pile 129-134 

posts,  design 167 

required  elements  of  strength 162 

sills,  design 168 

stringers,  design 156 

timber 149, 153 

V8.  embankments 127 

Trucks,  car 330 

four-wheeled,  action  on  curves 312 

locomotive  pilot 315 

with  shifting  center ,  316 

TUNNELS.— Chap.  V. 

cost 176 

V8.  open  cuts 174 

Tunnel  cross-sections 164 

design 164-168 

drains 168 

enlargement 170 

grade 166 

headings 169 

lining 166 

portals 173 

shafts 161, 167 

spirals 6 

Turnout,  connecting  curve  from  a  straight  track 271 

from  a  curved  track  to  the  outside 272 

to  the  INSIDE 273 

double,  from  straight  track 269 

dimensions,  development  of  approximate  rule  for  above. . . .  267 

from  INNER  side  of  curved  track 268 

from  OUTER  side  of  curved  track 267 

Turnouts  with  straight  point  rails  and  straight  frog  rails,  dimensions  of 

—Table  III p.  619 

two,  on  same  side 270 

Turntables  for  locomotives 292 

Two-level  ground,  volume  of  prismoid  surveyed  as T^ 
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nnderground  surveys  in  tunnels 162 

UnduJatory  grades,  advantages,  disadvantages,  and  safe  limits 434 

Unit  chord,  simple  curves 18 

Upright  switch-stands 259 

Useful  formulae  and  constanta— Table  XXXI p.  651 

trigonometrical  formulse — Table  XXX p.  647,  648 

Valley  route — reconnoissance 3 

Velocity  head  applied  to  theory  of  motion  of  trains 431 

as  applied  to  determination  of  train  resistance 350 

of  trains— Table  XXIII p.  463 

Velocity  of  trains,  method  of  obtaining 458 

resistances,  train 342 

Ventilation  of  a  tunnel  during  construction 172 

Vertex  inaccessible, .curve  location 32,  a 

of  a  curve 21 

Vertical  curves,  mathematical  form 56 

necessity  for  use 54 

. .  .     numerical  example 67 

required  length 55 

Virtual  grade,  reduction  of ^ 458-460 

profile,  construction  of 432 

use,  value,  and  possible  misuse 433 

Vulcanizing,  for  preserving  wooden  ties 211 

Wages  of  engine-  and  roundhouse-men 394;  407,  item  21 

as  affected  by  changes  in  align- 
ment. .407,  424,  437.  444,  450 

Wagons,  use  in  hauling  earthwork 109,  b 

Water  for  locomotive^,  chemical  qualities 281 

consumption  and  cost 396;  407,  item  23 

methods  of  purification 281 

Stations  and  water  fa^pply 280-285 

location 280 

pumping 283 

required  qualities  of  water 281 

stand-pipes 285 

tanks 282 

track  tanks. 284 

table  in  locomotive  fire-box 318 

tanks  for  locomotives 282 

capacity  of  cylindrical  tanks 282 

protection  from  freezing 282 

way  for  culverts 178-183 

Watering  stock 369 

Wear  of  rails  on  curves 235 

on  tangents •. 234 

Weight  of  raUs,  226,  227,  and  Table  XVI p.  397 

Wellhouse  (zinc-tannin)  process  for  preserving  timber 215 

Wellington's  formula  for  train  resistance 348,  b 

Westijighouse  air-brakes 337 

Wheelbarrows,  use  in  hauling  earthwork 109,  c 

Wheel  resistances,  train 343 
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Wheels  and  rails,  mutual  action  and  reaction 311-315 

effect  of  rigidly  attaching  them  to  axles 311 

White  oak.  use  for  trestles 129, 149 

ties 204 

Wire-drawn  steam 321 

Wires  and  pipes,  use  in  block  signaling 309 

Wooden  box  culverts 188 

spikes,  for  filling  spike  holes 250 

YARDS  AND  TERMUIALS.— Chap.  XIII. 

Yards,  engine > 300 

freight 295-299 

grade  in ^ . .  k 295 

minor '*. 297 

relation  to  main  tracks 296 

transfer  cranes 298 

track  scales 299 

value  of  proper  design 293 


